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Abstract
In this thesis, fiber Raman amplifiers (FRAs) are investigated with the pur-
pose of identifying new applications and limitations for their use in optical
communication systems.
To better understand the dynamics, gain and noise limitations of the
amplifier, a numerical amplifier model is developed. The model is used
to predict the performance of the amplifier in both static and dynamic
cases and its results are shown to agree well with experimental amplifier
measurements.
Due to its high Raman gain efficiency and large deployment numbers, dis-
persion compensating fiber (DCF) is a highly suitable Raman gain medium
and new applications of so-called dispersion compensating Raman amplifiers
(DCRAs) are presented. These applications are: Terminal dispersion com-
pensation using DCRAs, the extension of the dynamic and flat gain range
of a commercial erbium-doped fiber amplifier (EDFA) to support longer
spans, and the use of a hybrid wide-band DCRA/EDFA to obtain 60 nm
gain bandwidth, noise figure of less than 4.5 dB and a total output power
of 22 dBm.
To extend the reach of future access networks, a long-reach passive op-
tical network (PON) architecture is proposed and theoretically and exper-
imentally evaluated. To compensate the fiber loss in the long-reach PON
link, distributed Raman amplification (DRA) is used and different pumping
schemes and their effect on the maximum reach and channel capacity are
evaluated using a numerical model. A 120 km bidirectional link with suf-
ficient output power for PON applications and no with additional penalty
due to the bidirectional traffic is experimentally demonstrated. The dy-
namic properties of the PON link are tested with burst-mode traffic and
the system is found to be a promising candidate for future long-reach access
PONs with burst-mode traffic.
Inter-channel crosstalk in saturated fiber amplifiers and the resulting out-
put transients is a serious issue, particularly in high-speed (e.g. 40 Gbit/s)
and reconfigurable networks. Output power transients can lead to burst-
errors during detection and in the worst case cause damage to vital system
components. A new all-optical method for mitigating transients on a chan-
nel level is presented. The method is optimized using a numerical model
and is simultaneously demonstrated on four 40 Gbit/s wavelength division
iii
multiplexed (WDM) channels. The result on the transient-induced channels
is a sensitivity improvement in excess of 5 dB.
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Resume´
I denne afhandling undersøges fiberbaserede Raman-forstærkere (FRAs)
med henblik p˚a at identificere b˚ade deres begrænsninger og nye anvendelses-
muligheder i optiske kommunikationssystemer.
En numerisk forstærkermodel er blevet udviklet for bedre at forst˚a for-
stærkerens dynamik, dens gain- og støjbegrænsninger. Modellen bruges til at
forudsige forstærkerens statiske og dynamiske egenskaber, og det eftervises
at dens resultater er i god overensstemmelse med eksperimentelle forstærker
m˚alinger.
Dispersions-kompenserende fiber (DCF) er p˚a grund af sin store udbre-
delse og fiberens høje Raman gain effektivitet et meget velegnet Raman gain-
medium. Tre nye anvendelser af den s˚akaldte dispersions-kompenserende
Raman-forstærker (DCRA) præsenteres, og disse er: Terminal dispersions-
kompensering vha. en DCRA, forlængelse det dynamiske omr˚ade af en kom-
merciel Erbium-doteret fiberforstærker (EDFA), samt brugen af en hybrid
bredb˚ands-DCRA/EDFA med 60 nm b˚andbredde, et støjtal under 4,5 dB
og en samlet udgangseffekt p˚a 22 dBm.
Med henblik p˚a at forlænge rækkevidden af fremtidige access-netværk
foresl˚as en ny arkitektur for s˚akaldte langdistance passive optiske netværk
(PON). Dette system evalueres b˚ade teoretisk og eksperimentelt. Distri-
bueret Raman-forstærkning bruges i PON-forbindelsen til at kompensere
for fibertabet. Udvalgte pumpekonfigurationer, samt disses indvirkning p˚a
den maksimale rækkevidde og antal kanaler i systemet, undersøges numerisk.
En bidirektionel 120 km fiberforbindelse demonstreres eksperimentelt uden
at der observeres ekstra forringelse af modtagerfølsomheden p.g.a. den bidi-
rektionelle trafik. De dynamiske egenskaber af PON-forbindelsen testes med
forstyrrende trafik og som konklusion vurderes systemet at være en lovende
kandidat til fremtidige langdistance access PONs med dynamisk trafik.
Krydstale mellem to eller flere kanaler i mættede fiberforstærkere kan
medføre transienter i udgangseffekten, hvilket kan være et stort problem i
rekonfigure´rbare og højhastigheds- (f.eks. 40 Gbit/s) netværk. Effekttran-
sienter kan medføre pludselige fejl i modtagelsen af signalet og i værste fald
kan transienterne medføre beskadigelse af vitale komponenter. Her præsen-
teres en ny, rent optisk metode til at udbedre signaler, der er blevet forringet
p.g.a. transienter. Metoden optimeres vha. en numerisk model og demonstr-
eres samtidigt p˚a fire 40 Gbit/s kanaler. Modtagerens følsomhed forbedres
v
med mere end 5 dB efter brug af metoden.
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1. Introduction
1.1. Background and motivation
Since the deployment of the first trans-Atlantic fiber-optic telephone cable,
TAT-8, in 1988 [1], fiber-based optical communications has paved the way
for high-speed communications over long distances, the Internet and the
free flow of information that characterizes today’s information society. In
its time, TAT-8 was a revolution in telecommunications and consisted of
two fiber pairs that each could carry 295 Mbit/s of traffic (295 · 106 bits
per second), corresponding to ∼ 40, 000 simultaneous phone calls or ten
times that of the last deployed copper cable [2]. All along the 6430 km
submarine cable, power-supplied regenerator stations were positioned with
40 km spacing in order to compensate for the fiber loss by electro-optic
regeneration of the signal [3].
Twenty years later, as these lines are written, a consortium of six inter-
national telephone companies are deploying the so-called Trans-Pacific Ex-
press, a 17,700 km cable which will establish a direct communication link,
for the first time, between China, South Korea, Taiwan and the United
States [4]. The link is scheduled to be in operation in August 2008, just in
time for the opening of the 2008 Olympic Games in Beijing. It will initially
be configured to handle traffic at 1.28 Tbit/s, or 62 million simultaneous
phone calls, but the system will have a design capacity up to 5.12 Tbit/s
(5.12 · 1012 bits per second). Needless to say, this rate of development could
hardly have been foreseen in 1988 and indeed the capacity of TAT-8, which
was scheduled to be filled by the year 2000, was already filled in 1990 [5].
Most people are somehow affected, on a daily basis, by the technolog-
ical advances in optical communications, which have occurred over the
last two decades. Whenever we use the phone or Internet to communi-
cate with colleagues in our daily work, whenever we share movies, music
or pictures with friends and family, or whenever we watch a high-definition
transmission of a football match from the Euro2008 — the information is
brought to us through fiber-optic cables. The total rate of traffic is ex-
pected to increase significantly in the coming years, as more user band-
width is made available and millions of homes will be connected through
fiber-to-the-premises (FTTP) solutions [6]. Many people are not aware of
it, but optical communications has profoundly changed the way we access
1
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and share information.
1.1.1. The role of optical amplifiers
The emergence of efficient broadband optical amplifiers, in particular the
erbium-doped fiber amplifier (EDFA), has more than anything spurred the
enormous increase in capacity and reach in telecommunication networks, in
recent years [7]. The large gain bandwidth of these amplifiers has enabled
wavelength division multiplexed (WDM) technology, which is used to in-
crease the single fiber capacity by adding many parallel channels positioned
side-by-side on a wavelength grid. Furthermore, the low noise figure of these
amplifiers has omitted the need for costly periodic electro-optic regenera-
tion and today, a single state-of-the-art EDFA can simultaneously amplify
close to a hundred 10 Gbit/s WDM channels1, corresponding to ∼ 1 Tbit/s
worth of traffic, without electro-optic conversion or any use of high-speed
electronics.
However, as a result of the large bandwidth of modern single-mode silica
fibers, the capacity of today’s optical communication systems is in reality
limited by the bandwidth of the used optical amplifiers [6]. Similarly, the
reach of present systems is also limited by the noise contributed by the
used amplifiers, combined with nonlinear effects from transmission [8]. Fur-
thermore, the tendency to make increasing use of meshed and reconfigurable
networks impose new stringent requirements on the dynamic performance of
modern amplifiers to sufficiently reduce inter-channel crosstalk and prevent
the appearance of output power transients [9]. As such, new ways to extend
the bandwidth, improve the noise and dynamic properties of present-day
amplifiers are constantly pursued.
The most widely used amplifier today is the EDFA, which is a discrete
amplifier that can be used to amplify signals in the C-band (1530 nm–
1565 nm) or L-band (1565 nm–1625 nm) [7]. Years of development and
optimization, since the early nineties, means that the EDFA technology is
exploited very close to its fundamental limits. As such, the EDFA noise
figure can be made very close to its quantum-limited value of 3 dB, with
high power efficiency close to 80% and flat gain with less than 1 dB non-
uniformity in its specified gain range [7]. It is therefore unlikely that new
development in the EDFA design can dramatically improve performance of
future systems.
1As an example, it is possible to fit 85 channels with 50 GHz channel spacing into the
conventional band (C-band), which spans 35 nm, or roughly 4.4 THz.
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1.1.2. Fiber Raman amplifiers
At the present time, the most promising technology for increasing the band-
width and improving noise properties of today’s systems is the fiber Raman
amplifier (FRA) [6]. Raman amplification can be used to provide gain in
the transmission fiber itself, a technique known as distributed amplification.
This technique reduces the signal-to-noise ratio (SNR) degradation of the
system, compared with a system that uses only discrete amplifiers. Fur-
thermore, FRAs can provide gain in a bandwidth which is only limited by
the available pump powers and wavelengths and using this technology, flat
gain bandwidths up to 100 nm has been demonstrated [10]. Finally, these
amplifiers also benefit from a very linear gain, which means that the FRA
gain is less inclined to saturate and induce crosstalk between channels, when
faced with high input powers, compared to EDFAs [11].
Like most technologies, FRAs also come with some drawbacks that should
be taken into account, when the technology is evaluated. These include low
power efficiency, safety issues related to having high optical powers in the
fiber, as well as other sources of noise that are particular to FRAs, such as
double Rayleigh backscattering (DRB), pump-mediated relative intensity
noise (RIN) transfer and enhanced problems with nonlinearities, due to
high path-average power in the fibers.
Today, Raman amplification is primarily used in the transmission fiber,
and in some cases also the dispersion compensating fiber (DCF), of long-
haul systems (>1000 km) employing high bit rates of 10–40 Gbit/s [12,13].
Depending on the application, the merits and drawbacks of FRAs can be
more or less important. But if FRAs are to be used to dramatically improve
the capacity and reach of today’s systems, it is imperative to identify new
ways to utilize this amplifier along with its main limitations in systems.
1.2. Aim of this project
In general terms, this project investigates the use of FRAs from an appli-
cation perspective. The object is to identify new areas where FRAs may
find use, identify how these amplifiers can be exploited to their maximum
limits and determine when it is advantageous to use this amplifier in place
of another type. In other words, we seek to answer some of the questions
related to “how”, “where” and “when” FRAs can be advantageously used in
a future system context.
Specifically, the research on FRAs performed in this project can be sum-
marized in three main topics, namely:
• Limitations and applications of dispersion compensating Raman am-
3
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plifiers (DCRAs).
• The use of Raman amplification in long-reach passive optical networks
(PONs) for FTTP applications.
• Inter-channel transient crosstalk and how to remedy these unwanted
effects.
Finally, it has been a goal to obtain a good physical understanding of gain
and noise properties of FRAs and, hopefully, to provide a clear and self-
consistent description of the amplifier in this thesis.
1.3. Structure of the thesis
The thesis chapters are organized as follows. Chapter 2 is a general introduc-
tion to Raman amplification in optical fibers. The first part of the chapter
describes the fundamental amplifier gain, important noise sources and how
the amplifiers are used in system contexts. The middle part is a description
of a numerical FRA model, which has been developed in this project. In the
final part of the chapter, the model is used to describe the static amplifier
performance in terms of gain and noise, under various conditions. Chapter 3
is devoted to dispersion compensating Raman amplifiers (DCRAs) and how
they can be used either as stand-alone amplifier/dispersion-compensating
units, or in hybrid combinations with EDFAs. The main focus of the chap-
ter is on three different DCRA applications which have been investigated
over the course of this project. Chapter 4 focuses on the use of distributed
Raman amplification to extend the reach of future access systems, the so-
called long-reach PONs. Model results are used to predict the maximum
reach and capacity of the proposed system and the results are supplemented
by experimental demonstrations of the reach and dynamic performance of
the system. Chapter 5 investigates the topic of transient impairments result-
ing from inter-channel crosstalk in EDFAs or FRAs. The chapter describes
how transients are created and shows that this crosstalk can seriously impair
the system performance. The last part of the chapter introduces a new all-
optical method to equalize amplifier transients. The design of the equalizer
is optimized using a numerical model and its functionality is experimentally
demonstrated on 40 Gbit/s channels, which have been impaired by crosstalk
in an EDFA. Chapter 6 concludes the thesis and provides a view on the
future of Raman amplification in the context of optical communications.
The thesis is accompanied by five appendices, which can be of help during
the reading. A short introduction to these is therefore in place. Appendix A
contains figures in which the developed numerical amplifier model is directly
4
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compared and validated with experimental data and a reference amplifier
model. Appendix B contains plots of the different fiber data used in the nu-
merical model. Appendix C lists the used acronyms and appendix D lists the
fundamental constants, variables and symbols used in this thesis. Finally,
appendix E lists the publications obtained by the author in collaboration
with the co-authors. Enjoy the reading!
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2. Raman amplification in optical
fibers
In this chapter, Raman amplifiers based on silica fibers are introduced in
relation to their use in optical communication systems. The principle of
Raman scattering in optical fibers is presented along with a discussion of
important applications and issues related to distributed and lumped Ra-
man amplifiers. To study the static and dynamic properties of fiber Raman
amplifiers (FRAs) throughout this thesis, a numerical amplifier model is
developed and its features and limitations are described in detail in this
chapter. Using the model, static properties of FRAs are modeled and dis-
cussed in relation to the amplifier design.
Section 2.1 introduces the basic principles of Raman amplifiers. These
include Raman scattering, the Raman gain efficiency and the small-signal
regime, in which the input powers are low and simple equations for the gain
and optimum fiber length can be found. Section 2.2 describes the basic
design and typical applications of Raman amplifiers. Here, the most impor-
tant limitations and issues of these amplifiers are also discussed. Section
2.3 introduces a developed numerical amplifier model that can be used to
model the static and dynamic behavior of Raman amplifiers. In section 2.4,
the calculated results of gain, noise figure and multi-path interference (MPI)
are presented and discussed in relation to the amplifier design.
2.1. Basic principles
This section presents some basic principles related to Raman amplification in
optical fibers, in particular, Stokes scattering and the Raman gain efficiency,
which represents the fiber’s ability to provide Raman gain.
2.1.1. Raman scattering
The ability of light to scatter inelastically on a molecular structure (gas,
liquid or solid) and exchange energy with the material was discovered by
the Indian physicist C. V. Raman in 1928 [14]. Independently and around
the same time, the effect was also observed by the Russian physicists G.
7
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Pump photon
Phonon
Stokes photon
(a) Spontaneous emission
Phonon
Signal photon
Pump photon
Signal photon
Stokes photon
(b) Stimulated emission
Figure 2.1.: Stokes scattering on a molecule.
Landsberg and L. Mandelstam [15]. The effect1 is now known as Raman
scattering and causes an incoming photon to be either red-shifted (known as
the Stokes shift) or blue-shifted (known as anti-Stokes shift) by interaction
with the medium. In either case, a fraction of the photon energy is absorbed
or emitted by the material in terms of molecular vibrations (heat), also
referred to as phonons. Raman scattering can occur in all materials, but in
silica glass the dominant Raman transitions are due to the bending motion
of the Si-O-Si bond [16].
Because Raman scattering is inelastic, the molecule will decay to a vibra-
tional level that is different from its initial state. Stokes Raman scattering
occurs when the final energy level of the molecule is higher than the initial
level, while anti-Stokes Raman scattering occurs when the final energy level
is lower than the starting level. Stokes scattering is much more common
than anti-Stokes scattering because at any given time an electron in the
most common temperature range is most likely to be in its lowest energy
state, in accordance with the Boltzmann distribution [17]. Raman anti-
stokes scattering is therefore unimportant in the context of optical commu-
nications [16].
For the Stokes shift, energy conservation yields
hνs = hνp − Ephonon (2.1)
where νp and νs are the frequency of the pump and Stokes photon, respec-
tively, Ephonon is the energy of the emitted phonon and h is Planck’s con-
stant. Stokes scattering can occur spontaneously, as shown in Fig. 2.1 (a).
An incident pump is scattered on a molecule which causes a red-shift of the
1Raman scattering refers to the inelastic photon scattering with optical phonons, while
a similar type of scattering, Brillouin scattering, refers to photon scattering with the
acoustic phonons of the medium.
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photon and simultaneously emits a phonon. The process can also be stimu-
lated by the presence of a signal photon with a frequency equal to the Stokes
frequency νs, as shown in Fig. 2.1 (b). Aside from contributing to the noise
in Raman amplifiers and lasers, spontaneous Raman scattering is widely
used in sensing and spectroscopy applications [18,19]. The most important
application of stimulated Raman scattering is to provide optical gain and
as such, it is the key process in optical Raman amplifiers and lasers.
2.1.2. Raman gain efficiency
If contributions from the intrinsic loss and Rayleigh scattering are neglected,
the growth of stimulated Raman scattered signal intensity in an optical
waveguide grows proportionally with the pump and signal intensity and the
Raman gain coefficient, γR, so that
2
dIs
dz
= γRIpIs (2.2)
where Ip and Is are the intensities of the pump and Stokes waves, respec-
tively.
γR describes the probability of stimulating Raman scattering during prop-
agation in a nonlinear medium. γR depends on the pump-signal frequency
detuning, ∆ν = νp−νs as well as on the material composition of the waveg-
uide. Vitreous silica, which is the main constituent of the optical fibers
discussed in this context, has a main peak in its Raman cross-section at
440 cm−1, or 13.2 THz. The use of different types of core dopants, such as
germanium, can cause γR to vary significantly. The Raman cross section
of germanium has a peak at 420 cm−1, or 12.6 THz, and the value is more
than 7 times higher than that of silica [21]. Because of its high γR value
and peak close to that of silica, germanium is commonly used to increase
the Raman gain response of silica fibers.
In order for stimulated emission to be generated, it is necessary that the
Stokes and pump waves overlap in both time and space. For single-mode
fibers, the power is found by integrating the intensity across the fiber cross
section. By assuming the intensity to be invariant with the rotational angle,
the power P can be defined as
P = 2pi
∞∫
r=0
I (r) · r dr (2.3)
2Please note that equation (2.2) describes the intensity wave in a so-called retarded time
frame [20] that follows the wave at the group velocity vg . The frame is obtained by
substituting t = t′ − z/vg into the original wave equation I (t
′, z), where t is the time
in a moving reference frame. The retarded time frame is used throughout this chapter.
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where r is the fiber radius. To take into account the spatial overlap of the
two modes, eq. (2.2) should be integrated over the cross-section of the fiber
to give the rate equation for the Stokes power Ps, i.e.
dPs
dz
= PpPsg (2.4)
where Pp is the pump power and g is the Raman gain efficiency. By assum-
ing that γR does not vary with radius, the Raman gain efficiency may be
expressed as [22]
g = γR
∫∞
r=0 Is (r) Ip (r) r dr
2pi
∫∞
r=0 Is (r) r dr
∫∞
r=0 Ip (r) r dr
=
γR
AReff
(2.5)
In (2.5), the Raman gain efficiency is seen to contain both a material con-
tribution from γR, as well as a contribution from the Raman spatial overlap
between the two modes, AReff . If the spatial distributions of the two modes
are close to identical, the Raman spatial overlap can be approximated with
the effective mode area, Aeff and the Raman gain efficiency becomes [23]
g ≈ γR
Aeff
(2.6)
where Aeff is similar to the effective core area of self-phase modulation [20].
Hence, a large g can be obtained either by a large γR, or by a small Aeff . As
an example of the former, coefficients of g = 55 W−1km−1 has been reported
using tellurite (TeO2) fibers [24]. Ultra-small Aeff can be realized using
novel designs of highly non-linear photonic crystal fibers (HNL-PCFs). As
an example of this, a pure silica holey fiber with an effective area of 2.85 µm2
at 1550 nm and an experimentally expected γR value of 7.6 × 10−14 m/W
has been demonstrated [25]. According to (2.6), these values give rise to a
gain efficiency value of g ≈ 27 W−1km−1.
Fig. 2.2 shows measured values of the Raman gain efficiency for five dif-
ferent transmission fibers (TFs) and dispersion compensating fibers (DCFs)
and as a function of the pump-signal detuning ∆ν. For all fibers, g is
seen to peak between 13.0 THz and 13.3 THz. The TFs include standard
single-mode fiber (SSMF), as well as two types of non-zero dispersion-shifted
fiber (NZDSF), namely TrueWave R©RS (TW-RS) and TrueWave R©REACH
(TW-REACH). These fibers showmoderate peak values of g from 0.4 W−1km−1
for SSMF up to 0.7 W−1km−1 for TW-RS.
For the two DCFs compared in Fig. 2.2, g is considerably higher with
peak values of 2.4 W−1km−1 (DCF for SSMF) and 3.5 W−1km−1 (DCF for
TW-RS). The high g of DCF is both due to a high germanium (GeO2)
10
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Figure 2.2.: Raman gain efficiency for different types of dispersion compensating
fibers and transmission fibers. The parameters are measured at OFS
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doping concentration in the core, as well as a small Aeff (see table 2.1 on
page 12), both of which increase the nonlinearity of the fiber [26].
For easy reference, table 2.1 summarizes some important parameters of
the fibers used in this project. These include three types of TF, two types
of DCF and a single highly nonlinear fiber (HNLF). All parameters are
specified at 1550 nm, except the pump loss αdB,1450, which is at 1450 nm.
These are: The intrinsic fiber loss αdB , the chromatic dispersion coefficient
D, the dispersion slope S, the mode effective area Aeff , the Raman gain
efficiency g and the Rayleigh back-scattering coefficient ϕ.
SSMF is the standard transmission fiber (G.652), designed for low loss and
relatively high dispersion. TW-RS is a NZDSF (G.655) designed with low
dispersion and slope for metro and long-haul transmission. TW-REACH is a
NZDSF (G.656) with medium dispersion and optimized for long-haul trans-
mission and use with distributed Raman amplification (DRA). Compared
with G.652 fibers like SSMF, the G655 and G.656 has a more complex refrac-
tive index profiles, characterized by a larger GeO2 core doping and a smaller
effective mode area Aeff , involving strong differences in terms of Raman
gain efficiency g, noise figure, and double Rayleigh backscattering (DRB)
noise generation [27]. DRB explained further in section 2.2.2.
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2.1.3. Small-signal approximation
If both gain and the intrinsic loss of the fiber is taken into account, the basic
propagation equations for the power of a co-propagating signal3 and pump
in a fiber are
dP+s
dz
=
(
gP+p − αs
)
P+s (2.7)
dP+p
dz
= −
(
λs
λp
gP+s + αp
)
P+p ≈ −αpP+p for P+s  αp/g (2.8)
In (2.7) and (2.8), αs and αp is the fiber intrinsic loss coefficient at the signal
and pump wavelengths, λs and λp, respectively. The ratio λs/λp takes into
account the energy difference between the signal and pump photon.
If the signal power Ps at all positions satisfies the small-signal condition,
Ps  αp/g, the gain term in eq. (2.8) can be neglected and the solution
for the pump simplifies to P+p (z) = P
+
p (0) exp [−αpz], where P+p (0) is the
pump input power. Inserting this solution into (2.7) yields the small-signal
solution for P+s at the fiber output, z = L
P+s (L) = P
+
s (0) exp
[
gP+p,z=0Leff − αsL
]
(2.9)
where L is the length and Leff is the Raman effective length of the fiber.
The latter is given by
Leff =
1− exp [−αpL]
αp
(2.10)
and determines the effective interaction length of the pump. For a loss-
less fiber, L would be equal to Leff , while for a real fiber Leff is always
smaller than L. Eq. (2.9) is seen to provide a way to estimate g from easily
measurable quantities, such as the signal input and output power, the fiber
length, the fiber loss at the signal and pump wavelength and the pump input
power [26].
When the length of a short fiber is increased, the small-signal gain will
increase up to a certain optimum fiber length, Lopt, whereafter it will grad-
ually decrease , as the fiber loss starts to dominate over the gain, for long
fiber lengths. Lopt can be found by differentiation of the exponential in (2.9)
3A note on the terminology: For the remainder of the thesis, the “Stokes beam” will be
referred to as “signal beam”, or simply “signal”, to imply that we are dealing with the
amplification of communication channels.
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and setting it equal to zero, i.e.
Lopt =
1
αp
ln
[
gs
αs
Pp,in
]
(2.11)
In Fig. 2.3 Lopt is plotted vs. pump power for the same fibers plotted in
Fig. 2.2. In general, Lopt increases with pump power and with a slope given
by the inverse pump loss, dLopt/dPp,in = 1/αp. Due to lower pump loss in
the transmission fibers, Lopt is larger for the transmission fibers than for the
DCFs.
2.1.4. Properties of the Raman gain
Unlike other optical amplifiers, such as the erbium-doped fiber amplifier
(EDFA) and the semiconductor optical amplifier (SOA), the gain of the
FRA stems from a non-resonant process and does not depend on the spe-
cific wavelength of the optical signal, but instead on the pump-signal detun-
ing ∆ν. This very special ability allows the gain to be wavelength tunable
through tuning of the pump wavelength and this is one of the main attrac-
tions of Raman amplifiers. By combining pumps at several wavelengths,
Raman amplifiers with more than 100 nm gain bandwidth has been demon-
strated [10,31].
Raman scattering is an ultra-fast process which occurs on the order of
100 fs [32]. Because of this, high frequency pump fluctuations due to laser
relative intensity noise (RIN) can be transferred to the signal through the
14
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Backward
pump unit
Fiber
Forward
pump unit
Signal
Figure 2.4.: General schematic of a bidirectionally pumped fiber Raman amplifier.
gain. In practice, the bandwidth of the transferred noise is limited by pump-
signal walk-off, due to dispersion in the fiber or because the pump is counter-
propagating to the signal [33]. For the bit rates found in this work, the
Raman response can be assumed to be instantaneous.
The Raman gain is polarization dependent and is highest when the pump
and signal are co-polarized. For a signal and pump with orthogonal polar-
izations, the gain is reduced by approximately an order of magnitude [16].
To overcome the issue of polarization-dependent gain, depolarized pumps
are often used.
2.2. Design and applications
This section focuses on the design and applications of FRAs in optical com-
munication systems. At the end of the section, important limitations and
issues of this technology are discussed.
2.2.1. Distributed and lumped amplifiers
Raman amplifiers are generally divided into two categories, namely, dis-
tributed and lumped amplifiers. “Distributed” amplification refers to using
the transmission fiber for amplification, while “lumped”, or “discrete”, am-
plifiers uses a fiber medium that is localized before or after transmission
to fully or partially compensate for the transmission loss. When DCF is
used as gain medium, it is referred to as a dispersion compensating Raman
amplifier (DCRA). This type of amplifier is the topic of chapter 3.
A general layout of a bidirectionally pumped FRA is shown in Fig. 2.4.
The signal enters from the left and is combined with the forward propagating
pump in a coarse wavelength division multiplexer (CWDM). In the fiber,
15
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Figure 2.5.: Optical communication system withN spans and pre-, inline- and post-
compensation of dispersion using DCF. Power profiles of the discrete-
and Raman-amplified systems are shown with the solid and dashed
line, respectively.
the signal is amplified by the forward and backward propagating pump and
is separated from the pump in the output CWDM. Design parameters of the
FRA include the fiber type, the fiber length, the pump power and the ratio
of forward and backward pumping. These parameters and their influence
on the performance of the amplifier are further discussed in section 2.4.
As an example of how Raman amplification can be used to improve the
transmission performance in optical communications, a general point-to-
point system link is shown in Fig. 2.5. The system consists of N spans
of TF and the input power into each span is set to PTF . To compensate
for chromatic dispersion from the transmission fiber, the system includes
DCF insertion points after the transmitter (Tx), between each span and
before the receiver, a technique which is referred to as pre-, inline- and
post-compensation of dispersion. In each TF and DCF span, intrinsic fiber
loss will reduce the signal power along the length of the fiber. To obtain
the highest possible signal-to-noise ratio (SNR) at the receiver (Rx), it is
necessary to maintain as high a signal power as possible along the way, by
re-amplifying the signal power periodically to compensate for the fiber loss.
In a system where only discrete amplifiers are used between the spans,
the power variations along the fiber will be relatively large, as seen in Fig.
2.5 (black solid line). The high input powers into the span cause the im-
pairments from nonlinearities to be high and the low signal power at the
end of each span will limit the output SNR [34]. If the TF and DCF instead
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are Raman-pumped to reduce the effective fiber loss, the power variations
along the fiber will also be reduced, as seen in Fig. 2.5 (blue dashed line).
The lower maximum power and higher minimum power of the distributed
system are the reasons why this system is superior to a discrete amplifier
system in terms of reducing impairments from nonlinearities and improving
the output SNR.
In the last five years, Raman amplification has primarily found use in long-
haul systems operating at bit rates of 10 Gbit/s and beyond [12,13,35] and
trans-pacific transmission distances of 10.000 km in all-Raman amplified
systems has been achieved at 40 Gbit/s [36]. The main reason for using
FRAs in long-haul applications are that optical signal-to-noise ratio (OSNR)
margins are more critical in these systems and DRA provides a way to
improve the system noise figure. By increasing the bit rate, the OSNR
margins decrease even further, due to a larger receiver bandwidth used in
these systems [28].
Another important application is repeater-less systems, where practical
issues prevent the use of repeaters in the field, e.g. when transmitting across
large wastes or between islands. By using pure Raman pumping from the
terminals, the repeater-less transmission distance can be greatly increased
and up to 440 km of 10 Gbit/s transmission has been reported [37]. By
using DRA along with a remote optically pumped amplifier (ROPA) up to
525 km has been achieved [38].
For lumped amplifiers, ultra-wide-band amplification is an important ap-
plication and up to 100 nm bandwidth along with low noise figure has been
achieved [31,39]. These amplifiers are promising candidates for future wide-
band systems and an example of such an amplifier design is presented in
chapter 3.
2.2.2. Challenges
Compared to the EDFA, which is the most widely used amplifier in today’s
communication systems, the FRA may benefit from improved noise per-
formance due to the distributed amplification, as well as the possibility of
seam-less ultra-wide bandwidth. However, the FRA also suffers from sev-
eral drawbacks. In particular, the power efficiency of the FRA is lower than
that of the EDFA, where up to 80% efficiency can be achieved. Further-
more, EDFAs are capable of close-to quantum-limited noise figure of 3 dB
and have very slow gain dynamics, which minimize fast pump-signal noise
transfer and high frequency inter-channel crosstalk.
Pump lasers Compared to the pump lasers used in EDFAs, the require-
ments for Raman pump lasers are much more strict. The reasons for this are
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several and will briefly be discussed in the following. The most important
requirement for Raman pump lasers are stability, both in terms of power
and wavelength. The reasons are that RIN fluctuations in the pump laser
power are easily transferred to the signals through the ultra-fast response of
the Raman gain. Furthermore, because the Raman gain depends strongly
on the pump wavelength, drift in the pump emission wavelength over time
will cause the gain spectrum to change.
To avoid problems with stimulated Brillouin scattering (SBS) (explained
below), the laser line width is often required to be very broad (several nm).
Therefore, in principle, high-power pump lasers tend to be of multilongi-
tudinal mode entailing poor intensity noise performance in order to better
avoid SBS [40]. The multi-mode operation is therefore contradictory to
the requirement of low RIN in these lasers. Furthermore, depolarizers are
necessary in state-of-the-art Raman pumps to remove the polarization de-
pendence of the gain. Pumps where the degree of polarization of the output
light is less than 5% are common [41].
For semiconductor-based lasers, more than 500 mW of output power has
been achieved corresponding to a power density at the facet of 20 MW/cm2,
thereby nearly reaching the design limits of the material [40]. Today, tech-
nological advances has made low-noise inner-grating-stabilized multi-mode
pump lasers available with RIN values of < 150 dB/Hz, which are suitable
for forward-pumped amplifier configurations [42].
Safety A final issue of FRAs concerns the safety and optical damages due
to the high powers present in the deployed distributed amplifier systems.
This is a rather new topic and not much has been published at this time.
The concern here is mainly eye damage and the handling of optical fibers
with high powers, but also to connector damage and system reliability in
connection with high powers.
2.2.3. Noise sources
Besides amplified spontaneous emission (ASE) noise, the most important
noise sources in FRAs are pump-mediated RIN transfer [33] and multi-
path interference (MPI) noise due to double Rayleigh backscattering (DRB)
[34,43,44]. Pump-mediated RIN transfer is, however, mainly an issue when
the pump and signal are co-propagating and depends largely on the RIN
level of the pump laser. MPI noise is an important limitation in high gain
amplifiers and will now be described below.
Noise from MPI occurs when signal light reaches the receiver by more
than one optical path and the associated phase noise is converted to in-
tensity noise [45]. MPI results from reflections which can be either dis-
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crete, such as fiber splice and connection points, or distributed along the
transmission path, such as Rayleigh scattering or SBS. Rayleigh scatter-
ing is a fundamental mechanism, where the light is elastically reflected by
sub-micron inhomogeneities in a fiber’s refractive index [16]. MPI occurs
when the signal is back-scattered twice - a process which is known as dou-
ble Rayleigh backscattering (DRB). As the double-reflected light passes
through the fiber, it travels a distance which is longer than the length of the
fiber and will therefore be more affected by the fiber loss, or gain, than the
single-pass signal. In a FRA with positive gain, the level of the MPI light
at the fiber output will therefore increase rapidly with the signal gain and
fiber length and can become intolerably high for high gain values.
MPI is normally quantified by the ratio of the double-reflected power
and the signal power at the amplifier output. This is described in section
2.3.3. The MPI contribution to the degradation of the signal SNR can
also be included in the definition of the FRA noise figure, as described by
Essiambre et al. in [34].
SBS is another source of noise which can limit signal power into long fibers
with low loss or gain. SBS is a nonlinear scattering mechanism which causes
the light to be reflected when the power exceeds a certain SBS threshold
[46]. Problems with SBS can to a large extent be controlled by sufficient
broadening of the signal spectrum, e.g. by phase-modulation, or by lowering
the channel power into the spans. A simple method for evaluating the power
budget requirements of a passive (non Raman-pumped) link due to SBS is
presented in [47]. For Raman amplified links, the SBS threshold decreases
with increasing fiber length, with the ratio of forward pumping and with
increasing pump power [48]. The effect of Raman amplification on the SBS
threshold value is further investigated in section 4.2.
2.3. Dynamic amplifier model
This section describes a numerical model of a fiber-based Raman amplifier,
which has been developed over the course of this project. The model has
primarily been developed to study dynamic transient effects arising from
interactions between pump and signals during propagation in the fiber. The
intent has also been to study how gain transients affect the dynamic noise
properties of the amplifier and how the pump direction can “shape” the
signal-signal crosstalk. Finally, the model has been used to study static
gain and noise properties of FRAs. Results generated using this model are
presented throughout this thesis to supplement the experimental results.
The section is structured as follows: A basic description of the included
physical effects is described in section 2.3.1. The derived equations for each
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amplifier section are presented in section 2.3.2. The macroscopic output
variables, such as gain, noise figure and MPIs, are defined in terms of the
model parameters in section 2.3.3, while the model parameters, model vali-
dation and limitations are discussed in section 2.3.4.
Static (no time-dependence) results generated using this model will be
presented later in section 2.4 and in chapter 3 and 4, while dynamic (time-
dependent) model results will be presented in chapter 4 and 5.
2.3.1. Basic equations of the amplifier
The equations in the Raman amplifier model are rate equations taken from
the literature [16, 49]. These describe the propagation of the optical power
in a one-dimensional waveguide/fiber. The equations do not include disper-
sion or nonlinear effects, such as the Kerr-effect (responsible for self-phase
modulation (SPM), parametric effects etc.). In the following description,
each signal, noise bin and pump component is characterized by a forward
and backward power component P . Each variable belonging to a specific
component is denoted by a subscript s, n or p to indicate whether it is a
signal, noise or pump component, respectively. As an example, the center
frequency is consequently denoted νs, νn and νp. The model supports only
a single pump and the Raman gain efficiency for signal wave s and noise
bin n therefore always refers to the single pump p.
Signals The model supports an arbitrary number of signals, each of which
has a forward and backward propagating component. The equations for the
forward and backward propagating power of signal s, P+s and P
−
s , are [49]
dP+s
dz
= (gsPp − αs)P+s + ϕsP−s (2.12)
dP−s
dz
= − (gsPp − αs)P−s − ϕsP+s (2.13)
where gs is the Raman gain efficiency, αs is the intrinsic loss coefficient and
ϕs is the Rayleigh back-scattering coefficient, at the signal wavelength λs.
The sum of the forward and backward propagating pump power is denoted
Pp = P
+
p +P
−
p . The parenthesis in (2.12) and (2.13) represent the combined
gain contribution due to pump p at λp and passive loss of the fiber. The
last term accounts for power transfer from the counter-propagating signal
due to linear Rayleigh back-scattering.
Amplified spontaneous emission In the model, ASE is represented as
noise bins, that is, blocks of noise power with a certain bandwidth ∆f .
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Each noise bin n is centered at λn and contains the power Pn. As such, P
+
n
and P−n is the total ASE at λn propagating in the forward and backward
direction, respectively. The equation governing the propagation of the ASE
noise bin of spectral width ∆f , is given by [16]
dP+n
dz
= (gnPp − αn)P+n + 2 · gnPp · (1 + η (T ))hνn∆f (2.14)
dP−n
dz
= − (gnPp − αn)P−n + 2 · gnPp · (1 + η (T ))hνn∆f (2.15)
Compared to the signal equations (2.12) and (2.13), the noise equations in-
clude a second inhomogeneous term to account for the spontaneous emission
generated during propagation. Also note that Rayleigh back-scattering is
not included for the noise bins, as it is expected to have very little influence
on the behavior of the amplifier. In equation (2.14) and (2.15), η (T ) is the
phonon occupancy factor
η (T ) =
1
exp
[
h∆νn
kBT
]
− 1
(2.16)
that accounts for the temperature dependence of the phonon density of
states [16]. In (2.16), kB is Boltzmann’s constant, T is the fiber temper-
ature in Kelvin and ∆νn = νp − νn is the frequency separation between
the pump and the spontaneously emitted photon. Assuming that pump p
is depolarized (see section 2.2.2), the ASE will also be depolarized and so
both polarizations must be accounted for. This is the origin of the factor of
two in the source term in (2.14) and (2.15).
Pump propagation and depletion For pump p, the power propagation is
described by equations similar to those of the signals, i.e. [16]
dP+p
dz
= −
(∑
s
λs
λp
gsPs +
∑
n
λn
λp
gnPn + αp
)
P+p (2.17)
dP−p
dz
=
(∑
s
λs
λp
gsPs +
∑
n
λn
λp
gnPn + αp
)
P−p (2.18)
The negative gain terms signify depletion from the signals and the ASE.
The depletion terms are also multiplied with a coefficient λs/λp, or λn/λp,
to account for the difference in photon energy, at the pump and Stokes wave-
length. In (2.17) and (2.18), the sum of the forward and backward propagat-
ing signal s and noise bin n is denoted Ps = P
+
s + P
−
s and Pn = P
+
n + P
−
n ,
respectively. To include more than one pump in the model realistically,
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Figure 2.6.: The fiber amplifier is divided into N sections with reflectivity R at
the fiber end connections. A single component of the forward and
backward propagating pump, signal and ASE are seen to enter section
i. In each section, the pump power due to pump p is assumed to be
constant, thus providing a constant gain for the signal s and noise bin
n across the section.
pump interactions would have to be included in equations (2.17) and (2.18).
This can be done relatively easily by adding a gain and depletion summa-
tion over the pump wavelengths higher and lower to that of λp to the first
parenthesis in (2.17) and (2.18). Due to limitations of time and to speed up
calculations, this feature was abandoned.
2.3.2. Section equations
The following sectioned model is in large inspired by a similar sectioned
model made for SOAs, which is fully described in [50]. The main work of
developing the model has been to identify which effects to include and to
adapt the rate equations above to a similar set of section equations for the
Raman amplifier.
The general model assumption is that the spatial variation of the pump
power can be approximated by dividing the amplifier into N sections of
length ∆z. In each section, the local pump power Pp,i = P
+
p,i + P
−
p,i is
assumed to be spatially invariant (not a function of z). Figure 2.6 shows a
schematic of the sectioned amplifier and the respective power terms entering
section i. The power of signal s, entering section i from from the left and
right side, is labeled P+s,i and P
−
s,i, respectively. Similarly, the spectral power
component n of the ASE, entering section i from from the left and right side,
is labeled P+n,i and P
−
n,i, respectively.
Because the amplifier is spatially discrete, time is also discrete in steps
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of ∆t = ∆z/vg, where vg = c/ng is the group velocity and ng is the group
index of the fiber. In this model, the fields are required to move with the
same velocity from section to section, which means that chromatic dispersion
cannot be included in the model. However, as will be explained in section
2.3.4, the lack of dispersion is not a serious limitation of the model for most
contexts in which it is used. Because the pump power does not vary across
section i, it follows that the gain term gPp,i is also spatially invariant across
one section.
The sectioned equations for signal s are found in the following way. By
integrating the power in (2.13) and neglecting the contribution from back-
scattering, an approximate solution for P−s in section i can be obtained
as
P−s (z) ≈ P−s,i exp [(gsPp,i − αs) (∆z − z)] for 0 ≤ z < ∆z (2.19)
Eq. (2.19) is a good approximation for 0 ≤ z < ∆z because the contribution
from Rayleigh scattering is very small across the short length. By inserting
the approximate solution for P−s (z) into (2.12) and integrating P
+
s from
z = 0 to z = ∆z, the forward traveling power at section i+1 is found to be
P+s,i+1 = exp [(gsPp,i − αs)∆z]P+s,i + ϕsP−s,i
exp [2 (gsPp,i − αs)∆z]− 1
2 (gsPp,i − αs)
= Gs,iP
+
s,i + ϕsP
−
s,i
G
2
s,i − 1
2 (gsPp,i − αs) (2.20)
where Gs,i is the single-pass gain of channel s in section i, defined as
Gs,i = exp [(gsPp,i − αs)∆z] (2.21)
The first term in (2.20) stems from the net gain of section i and the last
term is the power transferred from P−s,i due to back-scattering. Similarly,
the expression for the backward traveling field power in signal s at section
i− 1 is found to be
P−s,i−1 = Gs,iP
−
s,i + ϕsP
+
s,i
G
2
s,i − 1
2 (gsPp,i − αs) (2.22)
The result for the forward and backward propagating spectral component
n of the ASE power in both orthogonal polarization states and bandwidth
∆f , is found by integrating (2.14) and (2.15) across one section. The result
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is
P±n,i±1 = Gn,iP
±
n,i +
Gn,i − 1
gnPp,i − αn · 2 · gnPp,i · (1 + η (T ))hνn∆f (2.23)
where the + and the – in ± denotes the forward and backward propagating
part, respectively. In (2.23), Gn,i is the single-pass gain of noise bin n in
section i, defined similarly to Gs,i in (2.21). The first term is therefore
responsible for the gain and loss contributions from section i, while the
second term quantifies the amount of spontaneous emission power added by
the section to noise bin n.
The equations for pump p are found by inserting approximate solutions
for P+s,i, P
−
s,i, P
+
n,i and P
−
n,i (given below) into equations (2.17) and (2.18) and
solving the homogeneous equations. The approximate solutions for signal
s are obtained by neglecting the contribution from Rayleigh scattering in
(2.12) and (2.13) and using the boundary conditions P+s (0) = P
+
s,i and
P−s (∆z) = P
−
s,i, i.e.
P+s (z) ≈ P+s,i exp [(gsPp,i − αs) z] (2.24)
P−s (z) ≈ P−s,i exp [(gsPp,i − αs) (∆z − z)] (2.25)
The approximate solutions for noise bin n comes from solving (2.14) and
(2.15) with the conditions P+n (0) = P
+
n,i and P
−
n (∆z) = P
−
n,i. These yield
P+n (z) ≈ P+n,ie[(gnPp,i−αn)z] +
e(gnPp,i−αn)z − 1
gsPp,i − αs
· q (ν, T ) (2.26)
P−n (z) ≈ P−n,ie[(gnPp,i−αn)(∆z−z)] +
e(gnPp,i−αn)(∆z−z) − 1
gsPp,i − αs · q (νn, T )
(2.27)
where q (νn, T ) = 2gnPp,i (1 + η (T ))hνn∆f is the spontaneous emission
driving term. The result for the forward and backward propagating pump
p is
P+p,i+1 = P
+
p,i exp
[
−
(∑
s
gs
λs
λp
P avs,i +
∑
n
gn
λn
λp
P avn,i + αp
)
∆z
]
(2.28)
P−p,i−1 = P
−
p,i exp
[
−
(∑
s
gs
λs
λp
P avs,i +
∑
n
gn
λn
λp
P avn,i + αp
)
∆z
]
(2.29)
where P avs,i and P
av
n,i are the average power, in section i, of signal s and noise
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bin n, respectively. These are given by
P avs,i =
1
∆z
∫ ∆z
0
[
P+s (z) + P
−
s (z)
]
dz
=
(
P+s,i + P
−
s,i
) Gs,i − 1
(gsPp,i − αs)∆z (2.30)
and
P avn,i =
1
∆z
∫ ∆z
0
[
P+n (z) + P
−
n (z)
]
dz
=
(
P+n,i + P
−
n,i + 2q (ν, T )
) Gn,i − 1
(gnPp,i − αn)∆z
− 2q (νn, T )(2.31)
The assumption of constant pump power in each section will cause the gain
to be somewhat overestimated across the amplifier, since the pump power in
reality decreases exponentially in every section. By increasing the number of
sections and shortening the section length, however, the gain will converge
toward the correct value.
Time-dependence and boundary conditions To complete the model de-
scription, the boundary conditions for the two end sections, i = 1 and i = N ,
must be defined. Since model time is quantized in steps of ∆t, the powers
at a specific time sample t is related to the powers and gain at the previous
time instant t − ∆t. In the following, this is specified by the use of super
indexes, i.e. P t or P t−∆t.
The boundary conditions for the left side of the first section, i = 1, are
given by
P−,ts,out = (1−R)

P−,t−∆ts,1 Gt−∆ts,1 + ϕsP+,t−∆ts,1
(
Gt−∆ts,1
)2 − 1
2
(
gsP
t−∆t
p,1 − αs
)

 (2.32)
P−,tn,out = (1−R)
(
P−,t−∆tn,1 G
t−∆t
n,1 +
Gt−∆tn,i − 1
gnP
t−∆t
p,i − αn
· q (νn, T )t−∆t
)
(2.33)
P−,tp,out = (1−R)P−,t−∆tp,1 Gt−∆tp,1 (2.34)
P+,ts,1 = (1−R)P+,ts,in +R

P−,t−∆ts,1 Gt−∆ts,1 + ϕsP+,t−∆ts,1
(
Gt−∆ts,1
)2 − 1
2
(
gsP
t−∆t
p,1 − αs
)


(2.35)
P+,tn,1 = R
(
P−,t−∆tn,1 G
t−∆t
n,1 +
Gt−∆tn,i − 1
gnP
t−∆t
p,i − αn
· q (νn, T )t−∆t
)
(2.36)
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P+,tp,1 = (1−R)P+,tp,in +RP−,t−∆tp,1 Gt−∆tp,1 (2.37)
where R is the power reflectivity at the end interface of section 1, e.g. due to
a non-ideal splice or fiber connection. P−,ts,out, P
−,t
n,out and P
−,t
p,out are the output
powers at time sample t of signal s, noise bin n and pump p, respectively.
Similarly, the input power of signal s and pump p at time sample t is P+,ts,in
and P+,tp,in, respectively. The pump single-pass gain G
t−∆t
p,1 accounts for pump
depletion and fiber loss across section 1 and is equal to the exponential in
(2.28) and (2.29).
The main function of the boundary conditions is to relate the time-
dependent input and output signal, pump and noise powers to the respective
powers inside the fiber. For each power component, each term therefore con-
stitute a specific physical contribution to the power entering and exiting the
amplifier front at a specific time sample. The contributions are identical
to the already described effects with the inclusion of the signal and pump
input powers. A more detailed explanation of each term will therefore be
omitted here in favor of keeping up the pace.
A symmetric and similar set of boundary conditions for the end interface
of section i = N exists, but has been left out to focus on the essential model
description.
Dynamics The time-varying output powers of the model are partly a result
of the time dependent input of signals
∑
s P
+,t
s,in and pump P
+,t
t,in, and partly
due to the time constants of the amplifier. Of the latter, the transit time of
the amplifier, τtransit = L/vg, where L is the length of the fiber and vg is the
group velocity, and the section gain terms gPp,i are important parameters.
If both the pump and signal input are continuous waves (CWs), the model
output powers simply relax into steady state after a certain relaxation time.
The sampling rate fs = 1/∆t is related to the number of sections N , by
fs = vgN/L. It is therefore possible to maintain a specific sampling rate
for different fiber lengths, by adjusting N correspondingly. Due to calcula-
tion time, however, there is a practical upper boundary on N . For a fixed
model time, the calculation time tcalc will increase with the square of sec-
tion number, i.e. tcalc ∝ (model time) vgN2/L. In practice, the maximum
number of sections is therefore limited to ∼ 5000 in this work. Typical fiber
lengths used for Raman amplification range between 1 km and 100 km. At
these lengths, the maximum obtainable sampling rate is therefore limited to
1 GHz and 10 MHz, respectively. For results presented in this report, the
minimum section number is at no point less than 100.
Because the maximum sampling rate is limited to less than 1 GHz, the
model can not be used for modeling data at typical optical communication
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Parameter Symbol Value
Min. no. of noise bins nmin 50
Typical noise bin width ∆f 250 GHz
Min. no. of sections Nmin 100
Reflectivity at section 1 and N end face R 10−4
Fiber temperature T 300 K
Group index ng 1.46
Table 2.2.: Model parameters.
bit rates. Instead, the model is used to predict static small-signal saturation
results, as well as study dynamic effects of gain, ASE and MPI when the
amplifier is subjected to fluctuating input powers. In the following, amplifier
parameters such as gain, noise figure and MPI will be defined in terms of
the model variables.
For reference, some important parameters of the model are summarized
in table 2.2.
2.3.3. Gain, noise figure and MPI
The amplifier net gain, often just referred to as the amplifier gain, quantifies
the combined contributions from gain, intrinsic loss and reflections experi-
enced by the signal during propagation. In terms of model variables, the
net gain of a single channel s is defined as the ratio of its amplifier output
and input powers, i.e.
Gs =
Ps,out
Ps,in
(2.38)
Please note the absence of a section sub-index i in writing Gs, to avoid
confusion with the single-pass gain of a single section Gs,i.
The noise figure of the amplifier is a well-established measure of the build-
up of noise in electrical components. It quantifies the degradation of the
electrical SNR of a signal due to the insertion of a component, such as an
amplifier, in the transmission path [45]. The general definition is
F =
SNRin
SNRout
(2.39)
where SNRin and SNRout are the electrical SNRs measured at the ampli-
fier input and output, respectively. It has been the convention in optical
communications to define the SNR in terms of electrical powers at an ideal
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receiver. The optical powers and noise contributions must therefore be con-
verted to electrical currents [51]. It is common practice to define an optical
noise figure in terms of directly measurable quantities where only contribu-
tions from shot noise and signal-spontaneous beat noise are included [45,51]
F = Fshot + Fsig−spon =
1
G
+
2ρASE
hνG
(2.40)
In (2.40) ρASE is the optical power spectral density (PSD) of the ASE in the
same polarization state as the signal. The noise figure definition in (2.40)
includes a contribution from shot noise Fshot and from signal-spontaneous
beat noise Fsig−spon. This assumption is generally valid when the received
signal power is high, reflections are low and a filter is used in front of the
receiver to minimize spontaneous-spontaneous beat noise.
In the described model, the pump and the ASE are assumed to be depo-
larized. ρASE at a specific wavelength λn is therefore related to the total
ASE PSD by a factor of two, i.e. ρASE = Pn,out/2∆f . In terms of the model
variables, the noise figure Fs at λsis therefore defined as
Fs =
Ps,in
Ps,out
[
1 +
Pn,out(λs)
hνs∆f
]
(2.41)
where Pn,out(λs) is noise bin output power interpolated at λs. In case of
static input powers, the noise figure is a good parameter to describe the
amount of amplifier noise added to the signal. Because the definition in
(2.40) relies on the instantaneous input and output powers, it is often more
meaningful to characterize the dynamic OSNR at the amplifier output, when
the average input power contains large variations in time. Because the
OSNR can strongly influence the bit-error rate (BER) at the point of signal
detection, sudden changes in the OSNR can result in burst-errors in the
receiver (see chapter 5). The OSNR is defined as the ratio of the combined
power in the signal and the combined noise power in bandwidth B, i.e.
OSNR =
Ps
Pnoise,B
(2.42)
In optical communications, a bandwidth of B = 0.1 nm is often used and
this bandwidth is also used throughout this thesis. If the noise is unpolar-
ized, the noise power is equal to Pnoise,B = 2ρASEB.
The combination of long fibers and low loss makes double Rayleigh backscattering
(DRB) a major noise source in Raman amplified systems [16, 43]. Because
the reflected light is in-band, it cannot be filtered away and must be kept at
a minimum during transmission. The amount of reflected light in a signal
can be quantified using the MPI noise ratio, which is the ratio of the double
28
2.3. Dynamic amplifier model
reflected power Ps,DRB traveling in the same direction as the signal, and
the power in signal s
MPI =
Ps,DRB
Ps
(2.43)
In the model, the reflected power from all sections, whether due to end reflec-
tions or Rayleigh scattering, is kept track of in a separate DRB component
of signal s. This component does not contribute to the pump depletion, but
serves merely as a tool for the MPI evaluation.
2.3.4. Model parameters, validation and limitations
The model uses three sets of wavelength dependent parameters for each fiber
type supported by the model. The parameters have been provided by OFS
Fitel Denmark ApS and have been characterized experimentally at their
production facility in Brøndby, Denmark. The parameters are the Raman
gain efficiency g, intrinsic loss αdB and Rayleigh back-scattering coefficient
ϕ as a function of wavelength. These parameters are plotted for all the used
fiber types in appendix B.
Model validation In the static case, the model has been validated by com-
paring the gain, noise figure and MPI with experimental data and results
from a reference amplifier model developed at OFS Fitel Denmark ApS.
The reference model is called Raman-OASIX and it uses the same fiber pa-
rameters as used by the model described here. Because Raman-OASIX is
a static amplifier model, it cannot be used for dynamic modeling of gain
and noise and this has been the main motivation for developing this model.
A comparison of gain, noise figure and MPI results from the two models
and model results with experimental gain measurements can be found in
appendix A. Good agreement is found between the model and the reference
data - both in the small-signal and saturated gain regime.
The dynamic properties of the model has been validated by comparing
calculated output power transients with experimental measurements. By
using the same input powers, fiber properties and switching frequencies as
in the experiment, good agreement has also been found between model and
experiment. These results are presented in chapter 4.
Limitations of the model As discussed in the previous section, the sam-
pling rate of the model is too small to model data at standard commu-
nication bit rates. Because the average signal power is modeled instead,
effects, such as dispersion and nonlinearities, which degrade the quality of
data signals, are unimportant for interpretation of these model results. In
some specific cases, however, the lack of dispersion can be a problem if the
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dispersion-induced group delay between a co-propagating pump and signal
is comparable to the sampling time 1/fs. For purposes of transient and
response modeling, the lack of dispersion can result in inaccuracies in the
fast transient rise and fall times and in the high-frequency response of a co-
propagating pump and signal, as discussed in chapter 4. In general, however,
this limitation is not expected to be a problem for the results presented in
this thesis, due to the low sampling rate used (typically ∼ 1 MHz), and the
few places it is, it will be mentioned in the text.
An important limitation of the model is the lack of signal-signal gain, in
which lower wavelength division multiplexed (WDM) channels provide gain
to the higher wavelength channels through stimulated Raman scattering
(SRS). This effect is mainly important when the channel number is high, the
signal band is large and the channel power is high [52]. With this in mind,
the model has only been used in limits where signal-signal interactions could
safely be neglected, that is, to calculate the small-signal gain for multiple
channels or to generate high-power results using only one or two channels
positioned within a few nm of each other.
2.4. Static performance of fiber Raman amplifiers
In this section, calculated results regarding the static performance of lumped
and distributed Raman amplifiers are presented. The results include gain,
noise figure and MPI noise ratio and are calculated using the numerical
model presented in section 2.3. Due to the large parameter space of various
fiber lengths, fiber types, pump levels and pump configurations, the pre-
sented results have been selected in order to show some general properties
of fiber-based Raman amplifiers and is not an attempt to provide a complete
picture, which would be beyond the scope of this work.
The results are divided into small-signal results, where the combined input
power is low enough to neglect pump depletion (see section 2.1.3), and gain
saturation results, where the input power is high and the static effects of
gain saturation are studied. For simplicity, only one pump wavelength is
considered and is kept at 1453 nm throughout this section. The pump can
be both co- or counter-propagating with the signal, or a combination of
the two (bi-directional pumping). Unless otherwise indicated, the signal
wavelength is at all times 1550 nm.
2.4.1. Small-signal regime
In the small-signal regime, the signal input power is sufficiently low to, in
practice, neglect pump depletion (see section 2.1.3). The gain is therefore
solely determined by the pump power and fiber properties (most importantly
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Figure 2.7.: Small-signal on-off gain vs. wavelength in various types of TF and
DCF. The TF lengths are 100 km and the DCF lengths are 14.0 km
and 2.9 km for SSMF and TW-RS, respectively.
the length, loss, and Raman gain efficiency). For all typical FRAs, the
input can be regarded as small-signal, when the input power is less than
∼-20 dBm. Although the small-signal limit for FRAs are often much larger
than this value, the combined signal input power used in this section is kept
below −20 dBm.
It is common practice to define the on-off gain of a Raman amplifier as
the increase in signal output power when the pumps are turned on, i.e.
Gon−off =
Pout with pumps on
Pout with pumps off
(2.44)
Fig. 2.7 shows calculated on-off gain vs. wavelength for three types of TF
(SSMF, TW-RS and TW-REACH) and two types of DCF (DCF for SSMF
and DCF for TW-RS). The fibers are counter-pumped with 300 mW of
input power. The lengths of the transmission fibers are LTF = 100 km,
while the DCF lengths LDCF are chosen to fully compensate dispersion
after 100 km of transmission, i.e.
DDCFLDCF = DTFLTF (2.45)
where DTF and DDCF is the C-band dispersion of the TF and DCF, re-
spectively. With LTF = 100 km, the DCF lengths for SSMF and TW-RS
becomes 14.0 km and 2.9 km, respectively.
In Fig. 2.7, the available fiber gain is seen not only to depend on the
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Figure 2.8.: (a) Gain, (b) noise figure and MPI vs. input power in 100 km back-
ward pumped TW-REACH. pump powers are 300 mW, 400 mW and
500 mW. The signal input power is < −20 dBm.
fiber Raman gain efficiency g (see Fig. 2.2 on page 11), but largely on the
length of the fiber. DCF for TW-RS, for instance, has the highest g of the
compared fibers, but the available on-off gain in a 100 km span module is
seen to be limited to 10 dB, at this pumping level. The reason for the low
gain is the short fiber length of 2.9 km. The pump-signal interaction length
is too short for the signal to take full advantage of the pump power. The
14 km of DCF for SSMF is seen to make more efficient use of the pump and
provides more than 21 dB of on-off gain. As the TF lengths are all 100 km,
their gain is a result of the fiber gain efficiency and loss. Of these, TW-RS
provides the highest gain of 15.7 dB and SSMF the lowest of 9.8 dB. When
considering Raman amplification for system applications, it is therefore clear
that both the available fiber types and lengths must be taken into account.
The previous discussion suggests that it is more beneficial to pump the DCF
rather than the TF for a SSMF-based system, while it is most beneficial to
pump the TF, in a TW-RS system.
However, as will be discussed in the following, gain is not the only param-
eter to take into account and furthermore, DCF modules can be designed
to compensate several spans.
Apart from length and fiber properties, the ratio between the amount of
forward and backward pumping has a large influence on the amplifier noise
properties. Fig. 2.8 (a) shows the calculated small-signal gain in 100 km
TW-REACH fiber. The gain is calculated for three different levels of total
pump power and displayed as a function of the forward pumping ratio,
defined as the amount of forward pump divided by the total pump power,
i.e. P+p (0) /
[
P+p (0) + P
−
p (L)
]
. Because the signal is sufficiently low to not
deplete the pump, the gain is unaffected by the forward pumping ratio.
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As shown in Fig. 2.8 (b), however, the amplifier noise figure and MPI
are very much affected by the direction of the pumps. The noise figure is
seen to improve (decrease) gradually as the forward pump ratio increases.
By increasing the forward pump ratio, the amplification is moved further to
the front of the amplifier and this will cause the minimum signal power in
the fiber to increase and ensure that the signal power is high at the position
in the fiber where most of the amplification take place, i.e. in the front as
opposed to the back of the fiber [16]. The small-signal MPI is seen to vary
with the forward pump ratio, in a symmetric manner. The minimum MPI
occurs for bidirectional pumping, where the gain is most widely distributed
in the fiber, and the maximum MPI occurs when the amplifier is either
purely forward- or backward-pumped. The MPI level is also seen to depend
on the pumping level, corresponding to the different gain levels in Fig. 2.8
(a). Similar behavior vs. forward pump ratio has been found by Nissov et
al. in [44].
Although forward-pumping is seen to improve the noise figure of the am-
plifier in Fig. 2.8 (b), this type of pumping can have some serious negative
effects, however. First of all, the path-average power in the fiber will increase
and thereby increase the effect from nonlinear distortion [34], which means
that the signal input power might have to be lowered to avoid nonlinear im-
pairments. Secondly, the impact from pump-signal and signal-pump-signal
crosstalk will also increase significantly in this pump configuration. The
former can be reduced by using pumps with low RIN, while inter-channel
crosstalk can still be significant, if the input power is high enough to sat-
urate the pump [53]. Crosstalk effects in FRAs will be studied further in
chapter 4 and 5.
2.4.2. Gain saturation
The small-signal gain of the FRA is limited by the combined rate of sponta-
neous emission and stimulated emission due to the ASE, as well as the fiber
loss at the pump wavelength. This is the linear regime in which the output
power of the amplifier is proportional to the power at the input. The con-
stant of proportionality is the amplifier gain, referred to as the small-signal
gain G0, i.e.
Pout = G0Pin (2.46)
As the input power is increased and the rate of stimulated emission starts to
compete with the recombination rates of the spontaneous emission and ASE,
the gain starts to saturate, i.e. decrease, due to decreasing available pump
power. The input power required to reduce the gain by a factor of 2 (on
a linear scale), compared to the small-signal gain, is the saturation input
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Figure 2.9.: (a) Gain, (b) noise figure and MPI vs. input power in 14 km backward
pumped DCF for SSMF. The pump power is 200 mW, 300 mW and
400 mW.
power Psat,in. The corresponding output power is the saturation output
power Psat,out and they are related by
Psat,out =
G0
2
Psat,in (2.47)
Gain saturation is important to quantify because the saturated gain limits
the output power from the amplifier and because gain saturation can be a
source of cross talk between two WDM channels, where fluctuating input
power of one channel can cause the output power of the other channel to
also fluctuate through cross-gain modulation (XGM) [53].
Fig. 2.9 (a) shows calculated gain vs. input power, for different pump
powers, in a 14 km backward pumped DCF for SSMF. The saturation
input power can be identified as the power at which the gain has dropped
by 3 dB and Psat,in is seen to decrease with pump power. Fig. 2.9 (b) shows
calculated noise figure and MPI as a function of input power for the same
fiber and pump configurations. The noise figure is seen to decrease with
pump power, as a result of higher gain and in accordance with eq. (2.40).
At high input powers, gain saturation cause the noise figure to increase and
the pump power dependence is reduced. In the same figure, MPI is seen
to increase with pump power, similarly to the gain, as discussed in section
2.2.2. As the gain begins to saturate (decrease) at high input powers, MPI
is also seen to decrease.
Saturation power The previous discussion shows that saturation not only
affects the gain, but also the noise figure and MPI of the amplifier. From a
practical point-of-view, it is therefore important to know how much power it
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Figure 2.10.: Saturation input and output power vs. (a) pump power and (b) fiber
length. The fibers are DCF for SSMF and DCF for TW-RS.
takes to saturate the amplifier under different circumstances, but also how
much output power the amplifier can deliver. In the following, calculations
of saturation powers Psat,in and Psat,out is presented as a function of the
pumping level, the direction of the pumping and the length of the fiber.
Fig. 2.10 (a) and (b) show calculated input and output saturation power
vs. pump power and fiber length, respectively, in two backward pumped
DCRAs. In Fig. 2.10 (a), the fiber used is DCF for SSMF and DCF for
TW-RS and the length of both fibers is 14.0 km. This length corresponds
to compensation of dispersion after transmission through 100 km of SSMF
or 500 km of TW-RS. In the figure, Psat,in is seen to decrease with pump
power, while Psat,out remains almost unaffected by the increasing pump
power. When comparing these results with eq. (2.47), it is clear that Psat,in
drops because the gain increases with pump power, cf. Fig. 2.9 (a).
In Fig. 2.10 (a), Psat,out is almost independent of the pump power, which
unfortunately gives the impression that the output power of the amplifier
is also independent of pump power. This is not the case, however, and
experimental measurements and model results both show that increasing
the pump power, in general, will increase the signal output power [20]. In
contrast to EDFAs and SOAs, the gain in FRAs saturates over a large output
power range (typically of several dB), which means that the 3 dB saturation
output power Psat,out in itself is not a good measure of the available output,
for this type of amplifier. However, provided that the gain does not change
notably under certain conditions, Psat,out can be used as an indicator of how
the available output power changes, e.g. as in Fig. 2.11.
In Fig. 2.10 (b), the length of the two DCFs is varied, while the backward
pump power is fixed at 300 mW. For short fibers, Psat,out is seen to decrease
35
2. Raman amplification in optical fibers
0.0 0.2 0.4 0.6 0.8 1.0
0
5
10
15
20
25
Total pump power:
100 km TW-REACH
 300 mW
 400 mW
 500 mW
Input power
Output powerSa
tu
ra
tio
n
 
po
w
e
r 
[dB
m
]
Forward / total pump power
Figure 2.11.: Saturation input and output power vs. forward pump power ratio
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with increasing fiber lengths and stabilize close to 15 dBm at longer lengths.
Psat,in decreases with fiber length and experiences a minimum value close
to 13 km and 18 km. The minimum is a result of the small-signal gain, G0,
which experiences a maximum at the optimum length, Lopt, of 12.1 km and
16.5 km (see Fig. 2.3 on page 14), for DCF for SSMF and DCF for TW-RS,
respectively. At low input powers, the output power was found to peak
at L ≈ Lopt, corresponding to the highest available gain in the amplifier.
As the gain starts to saturate, the fiber length at which maximum output
power is obtained moves towards shorter fiber lengths, as fiber loss becomes
more significant.
In both Fig. 2.10 (a) and (b), DCF for SSMF is seen to have higher
Psat,in than DCF for TW-RS. Although an analytical expression for Psat,in
is missing, we note that Psat,in should be related to the pump loss and gain
ratio, αp/g, through the small-signal condition, Ps  αp/g. Since this ratio
is slightly higher for DCF for SSMF, it helps to explain why Psat,in is higher
for this fiber.
In Fig. 2.11, the saturation powers are plotted vs. the forward pump
ratio. The fiber used is 100 km of TW-REACH and the total pump powers
are 300 mW, 400 mW and 500 mW. Note that for 500 mW pump power, the
gain at the saturation point is ∼ 0 dB , meaning that Psat,in ≈ Psat,out at this
pump level. As the forward pump ratio change from pure backward to pure
forward pumping, the saturation powers decrease by roughly 15 dB and are
lowest for pure forward pumping. The results show that forward pumped
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amplifiers saturate at much lower input powers than backward pumped
amplifiers. The higher Psat,out for pure backward pumping shows that higher
output powers can be obtained from backward pumped amplifiers.
To summarize the results on gain saturation, the input saturation power
Psat,in was found to
• decrease with increasing pump power
• decrease with fiber length up to the optimum Raman length Lopt of
the fiber
• decrease with the forward pump ratio
The output saturation power, Psat,out, was found not to be a good indicator
of output power in itself, due to the large output power range over which
the gain saturates. But in general, the output power was found to increase
with pump power and to be highest for backward pumped amplifiers. For
input powers lower than Psat,in, the output power peaks at the fiber length
L ≈ Lopt, given by eq. (2.11).
2.5. Summary
The fiber Raman amplifier (FRA) has been introduced and the basic princi-
ples of Raman scattering and the Raman gain efficiency has been presented.
In the small-signal limit, the gain of the amplifier was shown to peak at a
specific optimum length, Lopt, which depends on fiber parameters and the
pumping level. From a systems perspective, the most important applica-
tions of FRAs has been discussed and recent state-of-the-art results was
reviewed. This was followed by a discussion of the most important limita-
tions and noise sources of the technology. To study the static and dynamic
amplifier properties in detail, a new numerical FRA model has been devel-
oped. The model includes ASE and Rayleigh back-scattering and can be
used to model time-dependent input and output powers, OSNR and MPI
noise due to DRB. In the final part of the chapter, generated model re-
sults was used to describe various fundamental behaviors of FRAs when the
pump power, fiber length and forward pump ratio was varied. The static
amplifier behavior was studied both in the small-signal and saturated gain
regime.
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3. Dispersion compensating Raman
amplifiers
Dispersion compensating fiber (DCF) has undergone considerable progress
over the last decade and has become the preferred method for compensating
chromatic dispersion in optical communication systems today [54]. The
merits of DCF include well-controlled dispersion profiles, slope matching of
dispersion over tens of nanometers, high reliability and passive operation
[55]. The high Raman gain efficiency is the main reason for using DCF
as gain medium in discrete Raman amplifiers. In this chapter, we describe
how Raman amplification can be used in DCF to realize discrete dispersion
compensating Raman amplifiers (DCRAs).
An introduction to DCRAs is given in section 3.1, followed by a discus-
sion on various design parameters and a method for optimizing the design
of backward-pumped DCRAs in section 3.2. The main focus of the chapter
is on system applications and results demonstrated using DCRAs. Selected
applications are presented in section 3.3, 3.4 and 3.5 and they include termi-
nal compensation using DCRAs, a method to extend the dynamic range of
inline erbium-doped fiber amplifiers (EDFAs), and a hybrid EDFA/DCRA
with ultra wide gain bandwidth.
3.1. Introduction
A typical optical communication link consists of a number of transmission
spans inter-spaced by repeater stages, consisting of EDFAs with DCF to
provide inline amplification and dispersion compensation along the link.
In such a system, the majority of the transmission loss is allocated in the
transmission fiber and for this reason, Raman amplification has primarily
been used to minimize the loss in the transmission fiber [56]. The idea
to use Raman amplification in DCF was put forth by Hansen et al. in
1998 [57] and quickly followed by a broadband, loss-less WDM transmission
demonstration by Emori et al. [58].
DCF has two main advantages that advocate for its use in Raman appli-
cations: First of all, it is a highly efficient gain medium due to its high GeO2
doping concentration as well as smaller effective mode area, compared to
standard transmission fiber. This results in a high Raman gain efficiency
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(a) (b)
Figure 3.1.: (a) Rack-mountable DCF modules and (b) DCRA. The DCRA in-
cludes DCF module, pump unit, power supply and all required optical
components. Courtesy of OFS Fitel Denmark ApS.
g, which determines the conversion efficiency of power from the pump to
the signal along the fiber, as described in section 2.1. Secondly, DCF is at
the present time deployed in many systems around the world and therefore
widely available.
A DCRA essentially consists of a spool of DCF that is pumped to provide
Raman gain, similarly to the amplifier schematic shown in Fig. 2.4 on page
15, where the fiber is replaced by DCF. Because the primary objective of
the fiber is to compensate dispersion, the length of the DCF is determined
by the amount of dispersion needed. In some cases, as will be shown later,
this length is not always practical for the purpose of Raman amplification.
Fig. 3.1 (a) shows a photograph of two DCF modules, ready for rack
mounting. Fig. 3.1 (b) shows a packaged and rack-mountable DCRA fully
included with DCF module, power supply, pump unit and other optical
components needed to combine and separate the pump and signal light.
The figure shows that the module can be made to fit in a standard size rack
for repeater or terminal applications.
Some important applications of DCRAs are
• to provide gain and compensate for fiber loss and thereby improve the
overall noise figure of the stage (the typical DCF loss ranges from a
few dB and up to 10 dB).
• to provide gain tilt adjustments, e.g. to compensate for gain tilt from
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other amplifiers or wavelength dependent transmission loss.
• to provide ultra-wide-band gain beyond the standard C-band.
Examples of all three applications will be given later in the chapter. DCRA
design is the topic of the next section.
3.2. Amplifier design
Perhaps the most important parameter when optimizing the design of DCRAs
is the fiber. As such, the effect of the index profile of DCF for use in DCRAs
has been investigated in [59]. As a design parameter for Raman fibers, the
Raman figure-of-merit, FOMR = g/αdB,p, has been proposed [60], where g
is the peak value of the Raman gain efficiency and αdB,p is the pump loss
in dB/km. FOMR can be shown to scale almost linearly with maximum
unsaturated gain obtainable in the fiber, which is reached at the optimum
Raman length of the fiber (see section 2.1.3) [54]. The highest reported
value of the Raman figure-of-merit is FOMR = 10.3 W
−1dB−1 [61]. Using
micro-structured fibers, high numerical dispersion values and high Raman
gain efficiencies are predicted based on recent modeling results [62,63], but
excess background and scattering loss are still a major obstacle in these
fibers [62].
As a way to better utilize the pump power in short fibers, double-pass
DCRA designs have been shown to improve the pump efficiency while pro-
viding a high gain up to 30 dB and high output power of 17 dBm [64–66].
On the downside, double-pass configurations add to the design complexity
with its need for optical circulators and fiber Bragg gratings and also suffers
from increased multi-path interference (MPI) noise due to use of discrete
reflectors [65]. Because there is a certain amount of forward co-pumping
in these configurations, pump-signal relative intensity noise (RIN) transfer
can also limit the amplifier performance in double-pass configurations [65].
In single-pass configurations, MPI can be reduced by using bidirectional
pumping, as shown in section 2.4. However, the benefit is much smaller in
DCRAs than in distributed amplifiers, due to the relatively short length of
typical DCF modules [26]. Another way to reduce the impact from MPI is
to use mid-stage isolators, which is an effective [67] but not always prac-
tical method, since it splits the fiber onto several spools. When it comes
to minimizing the impact from pump-signal RIN transfer and nonlineari-
ties, backward-pumped DCRAs are always preferable to forward-pumped
DCRAs [51].
In the following we therefore choose to focus on the backward-pumped
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single-pass DCRA as a simple and realistic configuration, but also a worst-
case configuration, when it comes to MPI.
3.2.1. MPI threshold
As discussed in section 2.2.2, MPI noise due to double Rayleigh backscattering
(DRB) is an important noise source in fiber Raman amplifier (FRA) and one
that limits the available gain in the amplifier. System vendors are therefore
likely to have a maximum limit on the MPI noise allowed by the installed
DCRA. It would therefore be helpful to know the maximum pump power
and gain that can be used and provided by the module, without sacrificing
a low MPI noise ratio. From these figures it would be easy to evaluate the
benefit of using Raman pumping in a particular module. Other important
parameters are the noise figure and the power efficiency of the DCRA.
The most important macroscopic design parameters for DCRAs are the
fiber type and length and the pump power and directionality of the pumping.
Often the length and type of fiber will be given in advance, since the total
dispersion of module should match that of the transmission fiber and system
dispersion map. An example of this is an upgrade situation, where passive
inline DCF modules are targeted for Raman pumping. In the following, a
method is proposed for determining the optimum pump power in a backward
pumped DCRA with low MPI, based on the equivalent transmission length
of the compensating module and type of DCF.
Fig. 3.2 (a) and (b) show the maximum gain, the maximum pump power
and the corresponding noise figure at an MPI value of -37 dB. The pump
and signal wavelengths are 1453 nm and 1550 nm, respectively, and the
signal input power is -20 dBm. The results are shown for two different DCF
types and as a function of the compensated transmission length matched
by the total dispersion of the DCF. The fully compensated transmission
length LTF is related to the DCF length LDCF through
LTF = −DDCF
DTF
LDCF (3.1)
where DDCF and DTF are the dispersion coefficients at the signal wave-
length, of the DCF and transmission fiber (TF), respectively. Because the
compensation efficiency ratio, −DDCF /DTF , is roughly five times larger for
TW-RS than for SSMF (see table 2.1 on page 12), LDCF is almost five
times longer in a SSMF system than in a TW-RS system, for a specific
transmission length.
In generating the results in Fig. 3.2 (a) and (b), it was used that both
MPI and gain increase with the pump power level. For a specific length
of DCF, the max. pump power was found by increasing the pump power
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Figure 3.2.: Calculated (a) max. gain and (b) max. pump power and correspond-
ing noise figure vs. transmission length in a backward-pumped DCRA.
MPI is -37 dB and the two fibers are DCF for SSMF and DCF for TW-
RS.
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until MPI equaled the threshold value of −37 dB. The gain and noise figure
at this maximum pump level were subsequently noted down. The MPI
threshold of −37 dB is judged to be realistically low for system applications
and corresponds to an electrical MPI value of approximately -40 dB (see
footnote).1 The penalty due to MPI can be evaluated by using a relation
derived in [70]. For an electrical MPI of -40 dB per span, a 1 dB penalty
at a bit-error rate (BER) of 10−9 can be found to correspond to 30 spans
of transmission. The maximum pump power used in these simulations is
400 mW.
In Fig. 3.2 (a), the maximum net gain is seen to peak close to 15 dB at
transmission lengths of 44 km and 142 km, corresponding to DCF lengths of
6.0 km and 4.0 km, for SSMF and TW-RS systems, respectively. For shorter
transmission/DCF lengths, MPI was less than -37 dB in the entire pump
power range and was therefore not a limitation. As the transmission length
increases, the maximum net gain drops almost linearly in dB, however, much
faster for DCF for SSMF. For a fixed transmission length, DCF for TW-RS
can clearly provide the highest gain, due to the much higher compensation
efficiency/shorter length of this fiber. The maximum on-off gain is almost
independent of the fiber length (and type) and is approximately 17 dB for
both fibers. It is clear from the figure, that the DCF length should be short
if the DCRA is to deliver high positive net gain. The downside of making
the fiber very short is that the amount of unused pump power also will
increase and lower the power efficiency of the amplifier.
The results show that multiple-span compensation (transmission lengths
of 160 km or more) is indeed possible with positive net gain in the DCRA.
The number of spans that can be compensated by a single DCRA with
positive net gain is clearly higher for TW-RS systems.
In Fig. 3.2 (b), the maximum pump power drops rapidly with trans-
mission length for short fibers and approaches a long-fiber limit between
150 mW and 200 mW, for both DCF types. When using the same pump
powers, the noise figure increases with the transmission length, as the DCF
loss increases and the gain in the beginning of the amplifier starts to drop.
For a fixed transmission length, DCF for TW-RS clearly tolerates higher
pump powers and with significantly lower noise figure.
Note, that at all lengths, the noise figure of the backward-pumped DCRA
is larger than the 3 dB quantum limit, which is obtainable in an ideal
high-gain amplifier [71]. Compared to a passive DCF, followed by an ideal
1The calculation of MPI gives the worst-case result because all polarizations of both the
DRB noise and the signal are included in eq. (2.43). In the electrical measurement, the
MPI is dependent on the degree of polarization of the DRB noise [68]. For unpolarized
DRB noise, the electrically measured MPI will be around 3 dB lower than the optical
measurements [69].
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discrete amplifier, however, the noise figure of the backward pumped DCRA
is still superior [16]. The noise figure in Fig. 3.2 (b) can be improved by
using a certain amount of forward pumping, as discussed in section 2.4.
Fig. 3.3 (a) and (b) show the same parameters as Fig. 3.2 (a) and (b), but
now the fiber type is limited to DCF for TW-RS. The lower abscissa axis
is the DCF length, while the upper axis is the corresponding transmission
length. The maximum gain, pump power and corresponding noise figure
are now plotted for MPI thresholds of −34 dB, −37 dB and −40 dB. It is
clear from the figures that decreasing the MPI threshold will cause both the
maximum gain and pump power to drop significantly. The effects on the
noise figure are on the other hand quite small and are probably insignificant
for most purposes. The dashed blue line in Fig. 3.3 (b) indicates the 3 dB
quantum limit on the noise figure. Note, that Fig. 3.3 (a) predicts that it
is possible to compensate up to 1000 km of transmission with positive net
gain, corresponding to 10 spans of 100 km.
Together, Fig. 3.2 and 3.3 can be used to estimate the maximum obtain-
able gain in a backward-pumped DCRA, as well as the maximum pump
power that can be used to maintain MPI below a certain value in the com-
ponent. For a specific fiber type and transmission length, the expected noise
figure can also be estimated and thereby indicate whether it is comparable
to the noise figure of a passive DCF/EDFA solution.
In the following three sections, selected DCRA applications that have
been investigated, in the course of this project, will be presented.
3.3. Terminal dispersion compensation
In dispersion-managed systems designed for long-haul transmission, DCF
is used both in the transmitter (pre-), between transmission spans (inline-)
and in the receiver (post-compensation). Such an N -span system is de-
picted in Fig. 3.4 (a). The location of the DCF depends on the dispersion
map of the link, which ideally should be optimized to minimize unwanted
distortion of the signal [72,73]. The optimum map for a given link depends
on a number of system parameters, including the optical power into each
span, the length and number of spans, and the fiber type. By limiting the
dispersion compensation to the transmitter and receiver terminals, the dis-
persion map and transmission link will benefit from reduced complexity, as
well as from potentially simpler and cheaper in-line amplifier stages. This is
because traditional multiple-stage amplifiers, in this case, can be replaced
by simpler amplifiers without mid-access points for DCF. Such a dispersion
map could be used in an upgrade situation, where a low bit rate system is to
be upgraded to a higher bit rate, e.g. from 2.5 Gbit/s to 10 Gbit/s, without
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Figure 3.3.: Calculated (a) maximum gain and (b) maximum pump power and
corresponding noise figure vs. DCF/transmission length in a backward-
pumped DCF for TW-RS. MPI threshold is varied between -34 dB,
-37 dB and -40 dB.
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Figure 3.4.: (a) Conventional inline dispersion map and (b) a simplified dispersion
map, where only post-compensation is used.
altering the link. Furthermore, by using Raman amplification in the dis-
persion compensating module, the minimum signal power in the DCF span
is increased, potentially lowering the noise figure of the combined module.
Terminal-only compensation has previously been investigated for SSMF,
where both pre- and post-compensation were used [74].
In this experiment, which was published at the Conference on Lasers and
Electro-Optics (CLEO) 2006 [75], further simplification is introduced by
limiting the number of DCF points to one, namely after transmission (post-
compensation). An example schematic of a purely post-compensated link
(without Raman gain) is shown for comparison in Fig. 3.4 (b). In our setup,
Raman gain is used in the DCF to provide gain in the module and thereby
improve the optical signal-to-noise ratio (OSNR) into the receiver. Trans-
mission of 16×10 Gbit/s with 50 GHz channel spacing is demonstrated,
over 240 km non-zero dispersion-shifted fiber (NZDSF), TW-RS, using this
technique.
3.3.1. Experimental setup
The setup is shown in Fig. 3.5. In the transmitter, 16 co-polarized chan-
nels, in the wavelength region from 1547 nm to 1554 nm, are modulated
with a 10 Gbit/s non-return-to-zero (NRZ) signal, using a Mach-Zehnder
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Figure 3.5.: Experimental setup for 16 WDM channel, post-compensated 10 Gbit/s
system.
modulator (MZM) and subsequently amplified. The transmission link con-
sists of 3×80 km spans of TW-RS (D = 4.6 ps/nm/km at 1550 nm). The
average input power into the span is -2 dBm per channel and the power is
set using variable optical attenuators (VOAs) before each span. The chan-
nels are further amplified and sent through a VOA and an isolator before
entering the DCRA. The DCRA is backward-pumped using two depolarized
pumps, with center wavelengths at 1428 nm and 1456 nm, to obtain a Ra-
man on-off gain of 12 dB and a gain ripple less than 0.3 dB for the combined
module in the given wavelength region. The length of the DCF is 7090 m
and the residual dispersion of the combined system is 78 ps/nm at 1550 nm.
The channels are selected using a tunable band pass filter and detected in
a pre-amplified receiver, where BER measurements of all channels are per-
formed. The BER dependence on the received power, Prec, measured at the
input to the pre-amplifier, is measured back-to-back (right after the trans-
mitter) and after transmission. The receiver sensitivities are evaluated as
the received power required to obtain a BER = 10−9. The BER dependence
on the received OSNR is also recorded. The OSNR is monitored just after
the pre-amplifier and varied by changing the power into the preamplifier.
3.3.2. Results and discussion
Fig. 3.6 (a) shows receiver sensitivities of all 16 channels measured back-
to-back and after 240 km, post-compensated transmission. All channels are
seen to be successfully transmitted with error-free performance and with a
spread of no more than 1 dB across all channels. Fig. 3.6 (b) shows the
receiver sensitivity and OSNR penalties for all 16 channels, evaluated as
the difference in sensitivity between back-to-back and after 240 km. The
average channel penalty is 1.1 dB and good agreement between the sen-
sitivity and OSNR penalties is found. It should be noted that to make a
general conclusion as to the dispersion map used here, a longer transmission
distance would be needed.
To summarize, this work demonstrates and evaluates a post-compensated
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Figure 3.6.: (a) Receiver sensitivities measured before and after transmission. (b)
Sensitivity and OSNR penalties after 240 km for all 16 channels.
16× 10 Gbit/s wavelength division multiplexed (WDM) system using only
a single dispersion compensation/amplifying DCRA module inserted after
transmission. After 240 km of NZDSF transmission, the sensitivity and
OSNR penalties are found to be limited to 1.1 dB ± 0.6 dB. The results show
that post-compensation using DCRAs could be of considerable practical
interest for simplifying short- to medium-range optical transmission links or
upgrading a 2.5 Gbit/s systems to a 10 Gbit/s.
3.4. Dynamic range extension of inline EDFA
Hybrid combinations of EDFAs and Raman amplifiers utilize the high con-
version efficiency of the EDFA and versatile bandwidth, low noise and high
linearity of the Raman amplifier [39, 76]. Hybrid combinations of remotely
pumped EDFAs and distributed Raman amplification have been shown to
increase the maximum transmission distance of repeater-less systems beyond
400 km [77], as well as increase the span lengths of ultra-long haul trans-
mission systems up to 150 km using a discrete EDFA and a single Raman
pump wavelength to pump the transmission fiber [56]. As a discrete ampli-
fier, a hybrid EDFA/DCRA has been used to demonstrate > 20 dB gain in a
100 nm bandwidth, thereby covering the entire S+C+L band [39]. Further-
more, DCRAs in combination with semiconductor optical amplifiers (SOAs)
have been used as discrete linear amplifiers for metro WDM networks with
mixed span losses [78].
The possibility of extending conventional span lengths by up to 50% or
100% is attractive, since it lowers the “first cost” of the system [56] and pro-
vides larger freedom in the positioning the repeater along the link. Some-
49
3. Dispersion compensating Raman amplifiers
17 km
DCF
EDFA
preamp
EDFA
booster
(a) Dual-stage EDFA
Pump wavelengths:
λ1 = 1427 nm
λ2 = 1455 nm
17 km
DCF
EDFA
preamp
EDFA
booster
(b) Hybrid DCRA/EDFA
Figure 3.7.: (a) Conventional dual-stage EDFA with passive DCF module. (b)
Hybrid configuration with active DCRA.
times, however, distributed amplification is not an option, either because
the vendor is concerned about high optical powers in the field, or because
the transmission fiber is not suited for distributed amplification (e.g. fiber
has a low Raman gain efficiency). In this case, discrete repeater amplifiers
must instead be used to compensate the increased span loss and these should
be optimized for high gain and low input powers. Furthermore, to find use
in broadband applications and spans with varying loss, the repeater is also
required to provide flat gain in a wide wavelength and dynamic range.
In this work, which was published at the Optical Amplifiers and Their
Applications (OAA) conference in 2006 [79], a new hybrid amplifier is demon-
strated, based on a commercial dual-stage EDFA, with high gain and low
gain ripple. The hybrid amplifier is capable of compensating both loss and
dispersion after 120 km transmission through SSMF. The amplifier con-
sists of a commercially available and field-deployed EDFA combined with
a DCRA. The addition of the Raman gain allows for an increase of the
operational gain range with a minimum influence on the gain ripple in the
C-band (1530 nm - 1565 nm), as well as an increase of the maximum gain
up to 33 dB.
3.4.1. Experimental setup
The two configurations tested in this work are pictured in Fig. 3.7. Fig.
3.7 (a) shows the dual-stage EDFA with a 17 km long passive DCF inserted
between the two stages. The EDFA consists of a preamp and a booster stage
that are optimized for low noise figure and high output power, respectively.
The DCF has a total dispersion of DDCF = −2291 ps/nm at 1550 nm and
this is chosen to fully compensate 120 km of SSMF. The passive loss in
the DCF is 10.0 dB. Fig. 3.7 (b) shows the hybrid amplifier. The DCF,
preamp and booster are the same as used in the EDFA configuration. The
DCF is now pumped using two pump lasers that are centered at 1427 nm
and 1455 nm. The maximum pump power input into the DCF is 278 mW
and 279 mW, respectively. The pump wavelengths are chosen to provide
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Figure 3.8.: Gain and noise figure characterization setup.
a broadband gain across the C-band and can be used to provide a gain
tilt across the band by adjustment of the pump powers. Before and after
the DCF is an isolator to ensure that the backwards traveling pumps are
blocked from exiting at the amplifier front. A coarse wavelength division
multiplexer (CWDM) is used to couple the pumps into the back of the
DCF. The gain non-uniformity (GNU) is defined as the ratio between the
maximum and minimum gain value in a given wavelength range. For the
combined EDFA, the GNU is from the manufacturer specified to be less
than 1 dB in the C-band under optimum input power. The output power
from the EDFA is measured to 20.1 dBm, at 0 dBm input power. The
EDFA pump powers are fixed during the measurements.
To characterize the gain and noise figure of the two amplifiers, we use
the setup shown in Fig. 3.8. The input signal consists of 50 continuous
wave (CW) laser sources spaced by 100 GHz and ranging from 1528.0 nm
to 1567.9 nm. The power ripple after the multiplexer (MUX) is < 1 dB.
An attenuator after the multiplexer is used to adjust the input power to
the amplifier. To measure the individual channel power before and after
the amplifier, an optical spectrum analyzer (OSA) is used. By measur-
ing the channel input and output power, Pin and Pout, and the amplified
spontaneous emission (ASE) noise output power, PASE, in a specific noise
bandwidth and at the channel wavelength, the channel gain and noise figure
are evaluated. The noise interpolation and correction for the actual noise
bandwidth of the OSA is performed using the internal software of the OSA
(ANDO 6317 model).
3.4.2. Results and discussion
The measured channel gain at different input power levels is shown in Fig.
3.9 (a) and (b) for the EDFA and hybrid amplifier, respectively. As the input
power is increased, the average gain of both amplifiers is seen to drop, as the
amplifiers become increasingly saturated. In Fig. 3.9 (a), the slope of the
EDFA gain is also seen to change with input power, caused by the changing
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Figure 3.9.: Measured C-band gain spectra at different signal input powers.
levels of amplifier inversion. For this particular EDFA, the flattest gain is
obtained at average gain values between 16 dB and 18 dB, corresponding
to combined input powers between 2.5 dBm and 3.5 dBm. Please note,
that it is possible to obtain flat gain at higher input powers by increasing
the attenuation between the EDFA stages, thereby maintaining a constant
average inversion level of the EDFA. This technique is commonly used in
commercial amplifiers and typically done using a built-in VOA. Increasing
the mid-stage attenuation will, however, cause the amplifier noise figure to
increase [7] and more importantly, this technique cannot be used to obtain
flat gain at low input powers (below 2.5 dBm, in this case).
For the hybrid amplifier, Fig. 3.9 (b) shows that it is possible to compen-
sate for the EDFA-induced gain tilt by adjusting the power from the Raman
pumps while lowering the input signal power. In each trace in Fig. 3.9 (b),
the Raman pump powers have consequently been optimized, to minimize
the GNU in the 1530 nm to 1565 nm range. The results show that it is
possible to produce flat gain in a 13 dB input power range, corresponding
to a gain ranging from 20 dB to to 33 dB. The 33 dB average gain makes the
hybrid amplifier a candidate for 120 km repeater applications in accordance
with the V-span system in recommendation G.692 from the International
Telecommunication Union (ITU) [80].
The flattest measured gain is shown in Fig. 3.10 (a) vs. wavelength for
both amplifiers. For the EDFA, the optimum input power is 3.4 dBm, while
it is -8.2 dBm for the hybrid amplifier. The large difference in input power
is the main reason for the large difference in average gain, which is 16.8 dB
in case of the EDFA and 29.3 dB for the hybrid amplifier. The GNU is
slightly larger in the hybrid case (1.6 dB) than for the EDFA (1.0 dB). The
higher hybrid GNU is attributed to the gain flattening filter of the EDFA,
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Figure 3.10.: (a) The flattest possible gain using the hybrid amplifier (solid) and
the EDFA (dashed). (b) The noise figure of the hybrid amplifier
(solid) and the EDFA (dashed). The input powers are -8.2 dBm and
3.4 dBm, respectively.
which is not optimized for use with Raman amplification. Fig. 3.10 (b)
shows noise figure vs. wavelength at the input powers used in Fig. 3.10 (a).
The EDFA noise figure is roughly 3 dB larger than the hybrid noise figure
and this is due to the large difference in input power in the two cases. The
noise figure of both amplifiers are primarily limited by the noise figure of
the preamp stage.
The GNU of both amplifiers is shown in Fig. 3.11 as a function of input
power. The solid line shows the GNU of the hybrid amplifier across the
C-band. The hybrid GNU varies with < 1.5 dB in the 13 dB power range
and has a minimum value of 1.6 dB at -8.2 dBm of input power. By nar-
rowing the wavelength range to 30 nm, it is possible to further improve the
GNU, as shown in the dashed and dotted line plots. The minimum GNU
value and optimum input power can be changed by changing the considered
wavelength range, resulting in a minimum GNU value of 0.7 dB in the dis-
played ranges. The EDFA GNU is shown with the diamond symbols and
has a minimum of 1.0 dB at an input power of 3.4 dBm and rises rapidly as
the input power changes from the optimum value. As mentioned earlier, the
GNU of the EDFA can be kept low at input powers higher than 3.4 dBm
by increasing the mid-stage attenuation. However, the relevant parameter
is the minimum power at which flat gain can be obtained, as this limits the
maximum gain of the EDFA. High and flat gain can therefore only be ob-
tained through the addition of the Raman gain, as in the case of the hybrid
amplifier.
To summarize, a hybrid EDFA/DCRA has been demonstrated, which
extends the EDFA’s specifications both in terms of gain and dynamic range.
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Figure 3.11.: GNU vs. input power for the hybrid amplifier (lines) and EDFA
(diamonds).
The amplifier is capable of both high gain and low gain ripple for use in
long span (120 km and beyond) broadband amplification. By replacing the
passive DCF with a dual-pump DCRA in a standard dual-stage EDFA, a
method for upgrading standard dual-stage repeaters to support increased
span loss (up to 120 km) has been proposed and demonstrated.
3.5. Wide-band EDFA/DCRA
The increasing demand for bandwidth in today’s backbone networks makes
it increasingly necessary to extend the effective transmission bandwidth of
the deployed fibers beyond the widely used C-band (1530 nm – 1565 nm) [6].
As the transmission bandwidth is mainly limited by today’s amplifier-of-
choice, the EDFA, new ways of extending the amplifier bandwidth must be
pursued. EDFAs designed to amplify in the L-band (1565 nm – 1625 nm)
are commercially available and has been demonstrated with high gain and
relatively low noise figure [81]. Such an amplifier can be combined with a C-
band EDFA, to obtain composite C+L band EDFAs. However, because the
fiber lengths used for L-band amplifiers are typically more than five times
longer than those used in C-band EDFAs, the signal band must be split prior
to amplification and separate amplifiers for each band of amplification are
therefore required. After amplification, a combiner is needed to combine
the bands again. The splitter and combiner will contribute loss to the
signals and hence increase the noise figure of the amplifier. Furthermore,
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Figure 3.12.: Design of the hybrid wide-band amplifier, as used in the simulations.
The amplifier consists of an erbium preamplifier stage, a mid-stage
DCRA and an erbium booster stage.
a “seam” of useless bandwidth will be created between the bands, due to
low gain and high noise figure in this region [82]. While the bandwidth
of single EDFAs are limited, their power efficiency is high compared to
that of Raman amplifiers. From an efficiency point of view, it is therefore
attractive to make as much use of the EDFA gain as possible and use other
means of amplification beyond the EDFA bandwidth. As an example, hybrid
combinations of EDFAs and Raman amplifiers have been used to extend the
seamless bandwidth of discrete amplifiers up to 80 nm [83] and 100 nm [39].
Although high gain was demonstrated in these references, the total output
power was limited to ∼ 10 dBm, which is not sufficient to be shared among
50-100 channels, which is a realistic number of channels in future > 60 nm
systems.
In the following, numerical simulations of a hybrid EDFA/DCRA with
high output power of 22 dBm, as well as high gain and low noise figure, will
be presented. The amplifier bandwidth is 60 nm and ranges from 1530 nm to
1590 nm. Because the simulations involve both Raman and EDFA modeling,
they are performed using the Raman-OASIX model, which is an in-house
model of OFS Fitel Denmark.
3.5.1. Design and static performance
Fig. 3.12 shows the design of hybrid amplifier. Essentially, the amplifier
consists of three stages, an erbium preamplifier stage, a mid-stage DCRA
and an erbium booster stage. Four pumps are used to provide gain in the
amplifier. Two 980 nm pumps are used to forward and backward pump the
pre- and booster stages, respectively, using a total pump power of 505 mW.
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A 1470 nm and a 1491 nm pump are used to provide gain in the DCF
through backward pumping, using a combined pump power of 515 mW. The
DCF is designed for SSMF, has a length of L = 13.8 km and compensates
100 km of SSMF. MPI is calculated to be < −36 dB across the specified
60 nm wavelength range. A gain flattening filter (GFF) is placed between
the DCRA and the booster stage and serves to minimize the GNU imposed
by the wavelength dependent gain. The filter has been optimized through a
numerical iteration process to provide flat gain with the desired gain slope,
at the amplifier output.
Due to stimulated Raman scattering (SRS), a transfer of power from the
shorter to the longer wavelength channels will occur during transmission.
The span input power (and hence the amplifier output power) and fiber
parameters will determine the amount of inter-channel SRS and hence the
induced power tilt after transmission. The output power from the amplifier
is calculated to 22 dBm. Based on this value and a previous study of the
induced gain tilt due to inter-channel SRS in SSMF [52], the gain tilt across
the 60 nm gain bandwidth and 100 km fiber is estimated to -5 dB across
the 60 nm bandwidth and a slope that is very close to being linear in dB.
Fig. 3.13 (a), (b) and (c) show calculated values of the optimized GFF
attenuation, amplifier net gain and noise figure as a function of signal wave-
length. In Fig. 3.13 (b) and (c), the dashed lines represent the contribution
from the EDFA preamplifier section only, while the solid lines represent
the total amplifier. In the simulation, 75 channels are used with 100 GHz
spacing in the wavelength interval from 1530 nm to 1590 nm. The peak at-
tenuation of the GFF in Fig. 3.13 (a) is 18.0 dB at 1560 nm, corresponding
to where the DCRA and EDFA gain overlap. In Fig. 3.13 (b), the amplifier
gain has an average value of 24.1 dB in the specified gain range. The EDFA
can be seen to primarily provide gain in the C-band, while the DCRA pro-
vides the L-band gain. The difference between the maximum and minimum
channel gain is 5 dB to compensate for the previously mentioned inter-
channel SRS. The total input power used in the calculation is -2.3 dBm
and this is equally shared among the 75 channels. Inter-stage losses due
to isolators and CWDMs are included in the amplifier model along with a
1.1 dB output power loss. The noise figure of the amplifier is shown in Fig.
3.13 (c). Because the total noise figure is primarily determined by the noise
figure of the highly-inverted first stage, the average noise figure is very low
with an average of 4.1 dB and less than ∼ 4.5 dB across the entire spectrum.
This is in spite of the high maximum loss in the GFF which, surprisingly,
has only a small effect on the total noise figure.
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Figure 3.13.: Calculated specifications of the hybrid wide-band amplifier: (a) At-
tenuation of the optimized GFF, (b) net gain and (c) noise figure of
the total amplifier (solid) and first stage only (dashed).
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3.5.2. Dynamic range and limitations
As discussed in section 3.4, state-of-the-art EDFAs have functionality to
regulate gain tilt according to the span parameters and input power. In
order for the hybrid amplifier to be useful in system applications, it must
also be able to accommodate input powers in a certain dynamic range due
to mixed span losses and input powers. Furthermore, the gain tilt at the
output should be adjustable, so it is possible to match the gain tilt to a
specific combination of fiber type, fiber length, channel loading and input
power to the span.
Fig. 3.14 shows the channel output power of all 75 channels as a function
of the channel wavelength. The total input power ranges from -6 dB to
+6 dB with respect to the specified total input power of 2.25 dBm. From
the figure, it is clear that the power slope at the output is quite dependent
on the total input power and average inversion of the amplifier, while the
total output power is remains fairly constant. Fig. 3.15 shows the average
gain and noise figure as a function of the total input power to the amplifier.
The average gain is mainly dominated by the saturation output power of
the booster EDFA and is seen to decrease on a one-to-one basis with input
power. As the gain becomes more saturated, the noise figure starts to
increase from ∼3.5 dB, at low input powers, to 5.5 dB, at 4 dBm input
power.
Although the channel output power in Fig. 3.14 becomes less uniform
58
3.6. Summary
-10 -8 -6 -4 -2 0 2 4
18
20
22
24
26
28
30
 Gain
 Noise figure
Total input power [dBm]
Av
e
ra
ge
 
ga
in
 
[dB
]
3.0
3.5
4.0
4.5
5.0
5.5
6.0
A
ve
rage
 n
oise
 fig
u
re
 [dB]
Figure 3.15.: Calculated average channel gain and noise figure vs. total input
power.
and linear as the input power changes from the 0 dB optimum (corresponds
to a total input power of 2.25 dBm), it does remain close-to-linear across
the entire wavelength range, in particular in the range from 1537 nm and
up. This means that the amplifier input power, to some extent, can be used
to regulate the output power slope of the amplifier. Because there is a limit
on the amount of power available after transmission, this way of regulating
the gain slope is not very good, however. Another way of affecting the
output power slope is by changing the amplifier pump powers. This method
assumes there is a way to optimize the pump powers and thereby obtain
linear gain slope for different input powers. Due to lack of time, however,
this pump optimization scheme has not been further investigated.
In summary, modeled results on a new hybrid EDFA/DCRA with 22 dBm
output power, 60 nm gain range and less than 4.5 dB noise figure in the
specified wavelength range has been presented. The results indicate that
DCRAs used in combination with EDFAs is a feasible and powerful method
for increasing the transmission bandwidth in future high-capacity links. The
results also show that issues related to the dynamic range and control of the
gain tilt still need further investigation for this type of amplifier.
3.6. Summary
DCF is a very appropriate gain medium for use in discrete FRAs, due to
its high Raman gain efficiency and large deployment numbers. Using the
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developed model, a method has been presented for evaluating the maximum
gain and allowed pump power in backward-pumped DCRAs, while MPI is
kept at an acceptable low level.
Three recently demonstrated applications of DCRAs have also been pre-
sented in this chapter. In the first application, DCRAs are used for terminal
compensation, where all dispersion compensation is handled by DCRAs in
the transmitter and/or receiver terminal of a link only. The method pro-
vides a simple way of upgrading low bit-rate links without performing link
alterations and the potentially long DCF modules used in the terminals
could make efficient use of the Raman pump light and thereby improve the
efficiency of the pumping. DCRAs were also used to extend the gain and
dynamic range of commercially deployed inline EDFAs to provide flat gain
with up to 33 dB average gain in the entire C-band. Thus, by addition of
the DCRA, the EDFA usage is extended to support 120 km spans with up to
33 dB loss. Finally, a DCRA in combination with an EDFA has been shown
to increase the gain bandwidth of future inline amplifiers. By providing
flat gain and 22 dBm output power in a 60 nm range, as well as low noise
figure of < 4.5 dB, the detailed simulations of a hybrid EDFA/DCRA shows
promising results for future inline wide-band amplifiers with bandwidths of
60 nm and beyond.
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networks
Long reach access networks have been proposed as a promising way to reduce
the unit cost of bandwidth in fiber-to-the-premises (FTTP) solutions [84,85].
Long-reach access is based on the idea of using a high-capacity, high-split
passive optical network (PON), with a reach of ∼ 100 km, to combine
optical access and metro into a single system [86]. To extend the reach
of today’s 20 km systems, the long-reach PON makes use of an amplified
feeder link to bridge the metro and passive access network. Systems with
symmetric upstream (US) and downstream (DS) data rates of 10 Gbit/s,
split factors of 1024 and link lengths up to 135 km have been reported
[84, 86]. These demonstrations, however, make use of more complicated
schemes such as forward error correction (FEC) and electronic dispersion
compensation (EDC) [84] and separate fibers and amplifiers for the US
and DS channels [84, 86]. Interesting proposals for scalable extended reach
PONs have also been put forth by the SARDANA project [87] and a hybrid
Raman-semiconductor optical amplifier (SOA)-amplified PON with 60 km
reach has also been proposed by AT&T [88].
We have recently proposed a simple, bi-directional, 80 km PON link based
on distributed Raman amplification (DRA) and non-zero dispersion-shifted
fiber (NZDSF) [89]. This link design is advantageous since it combines the
US and DS signals on a single fiber and features superior noise performance
compared to terminal-based amplification, due to the distributed Raman
gain. Furthermore, the low dispersion coefficient of the NZDSF omits the
need for dispersion compensation for reaches up to 120 km [90].
In this chapter, Raman-based PONs with extended reach up to 120 km
are discussed and evaluated. The focus is entirely on physical layer and
back-haul part of the network, which consists of the amplified feeder/PON
link between core/central node in the metro network and the splitting point
at the local exchange in the access network.
The network architecture is presented in section 4.1 and a power budget
for the access part is estimated. In section 4.2, calculations of the maximum
reach and channel capacity of the link are performed and discussed with the
purpose of identifying an optimum system configuration. An experimental
demonstration of a bidirectional PON link with 120 km reach is presented in
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Figure 4.1.: Raman-based long-reach PON architecture. The PON link consists of
a single fiber and employs bidirectional traffic and Raman pumping.
section 4.3. Finally, the dynamic performance of a bi-directionally pumped
link is investigated experimentally and theoretically in section 4.4.
4.1. Architecture and power budget
The proposed bidirectional long-reach PON link [89] is pictured schemati-
cally in a network context in Fig. 4.1. The PON link connects the metro core
node to the local exchange, where the DS wavelength division multiplexed
(WDM) channels are demultiplexed and further distributed to the splitting
points in the access part of the network. In this proposal, the link con-
sists of a single fiber carrying bidirectional traffic. There are no standards
for the long-reach PON at this time, but it has been suggested to use a
10 Gbit/s channel base rate and to split the C-band into an up- and down-
stream band, and thereby utilize the well-known amplification band of the
erbium-doped fiber amplifier (EDFA) [84].
In our proposed PON architecture, NZDSF is used in the PON link for
improved Raman gain efficiency and low dispersion compared to standard
single-mode fiber (SSMF). This choice of fiber relaxes the pump power
requirements and the need for dispersion compensation in these networks
[90].
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Figure 4.2.: Power budget for a 1:8 split PON.
4.1.1. Power budget
Figure 4.2 shows a power budget for the access part of a long-reach PON
with a splitting ratio of 1:8. This splitting ratio is considered to be a mini-
mum ratio for a practical system and the budget thus constitutes a minimum
loss to be expected in a practical access network. For a 10 Gbit/s channel
base rate, this split ratio ideally supplies each end user with a symmetric
bandwidth of 1.25 Gbit/s. The budget assumes an insertion loss of 5 dB in
the local exchange arrayed waveguide grating (AWG), a non-ideal splitting
loss of 10.5 dB and up to 4 dB of loss due to transmission (1 − 20 km) in
the access network. The total access loss adds up to 19.5 dB. The receiver
sensitivity is assumed to be -18.5 dBm and corresponds to typical sensitivity
value for a 10 Gbit/s PIN receiver at a bit-error rate (BER) of 10−9 (see
section 4.3).
The budget shows that a minimum link output power of Pmins,DS,out =
1.0 dBm per channel is required of the DS channels to manage error-free
detection at the optical network unit (ONU). This parameter is used in the
following section to evaluate the channel capacity as a function of PON link
length, total link input power and pumping configuration.
4.2. Link reach and channel capacity
Several effects limit the available output power and contribute to the added
noise in an amplified link, such as the described PON link. As discussed
in section 3.2, multi-path interference (MPI) noise due to double Rayleigh
backscattering (DRB) is an important source of noise that limits the max-
imum gain in long fibers employing distributed amplification. Another im-
portant noise source in low loss fibers is stimulated Brillouin scattering
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(SBS) [46], which is a nonlinear scattering process of light from sound waves
(acoustic phonons). In this process, most of the input signal light can be
converted into backward-traveling Stokes light, if the signal input power ex-
ceeds some threshold level. As a result, the forward travelling signal light
suffers additional nonlinear loss [91].
To evaluate the potential of the long-reach Raman PON link, we want to
estimate the maximum reach of the link as well as the maximum number of
symmetric (up- and down-stream) channels that can be transmitted using
such a system. This estimate is difficult to make due to the vast parameter
space and uncertainty of these parameters. While the link gain, noise figure
and MPI can be calculated with good accuracy, SBS is harder to calculate
accurately. This is because accurate SBS modeling requires detailed knowl-
edge of the Brillouin gain (magnitude, spectral shape, bandwidth, frequency
shift) for the particular fiber used, as well as detailed knowledge of the signal
spectrum. Furthermore, the SBS threshold, Pth, changes with the length of
the fiber and also depends largely on the loss profile of the fiber. The latter
is critical in Raman pumped fibers, where the distributed gain can cause
Pth to drop by tens of dB’s compared to the unpumped case.
In the following, the inclusion of SBS in the amplifier model from chapter
2 is described and followed by a description of the model setup. Finally,
calculated results on the maximum reach and channel capacity of Raman-
based PON links are presented for three different pump configurations.
4.2.1. SBS model
To model the SBS threshold in the bidirectionally pumped PON link, we
follow an approach by Kobyakov et al. in [48]. In this paper, the threshold
power is defined as the input signal power that generates the output Stokes
power Pref (0) of the same magnitude as the maximum signal power, i.e.
Pref (0) = Pmax (4.1)
where Pmax is the maximum signal power between z = 0 and z = L. For an
unpumped fiber, Pmax equals the signal input power. Using this definition,
the threshold power for a continuous wave (CW) signal in a bidirectionally
pumped fiber can be written as [48]
Pth =
γBαsAeff
gB
(4.2)
where αs is the fiber loss, Aeff is the effective mode area and gB is the
Brillouin gain coefficient - all at the signal/Stokes wavelength. gB/Aeff has
been measured to 0.67 W−1m−1 for TrueWave R©RS (TW-RS) [30] and this
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value is used in the simulations. The dimensionless parameter γB must be
solved numerically using the following implicit equation, given by eq. (43)
in [48]
γ
3/2
B
√
αsLReff exp
[
−αsγBLReff −
gsP
+
p (0)
αp
(
1− e−αpL
)
+ αsL
]
Gmax = C
(4.3)
where gs is the Raman gain efficiency at the signal wavelength, P
+
p (0) is the
forward pump input power, αp is the fiber loss at the pump wavelength and
L is the fiber length. The constant C is given by
C =
√
pikBT
νs
νa
∆νB
gB
αsAeff
(4.4)
where kB is Boltzmann’s constant, T = 300 K is the fiber temperature,
νs is the signal optical frequency, νa = 10 GHz is the frequency difference
between the Stokes and signal beam and ∆νB = 20 MHz is the full width
at half maximum (FWHM) of the Brillouin gain. Aeff = 52µm
2 is used as
the effective mode area at the signal wavelength (1550 nm).
In (4.3), Gmax = maxz∈|0,L|G (z), where G (z) is the local net gain from
z′ = 0 to z′ = z, which depends on the level of forward and backward
pumping, i.e.
Gs(z) = exp

 z∫
0
(
gs
(
P+p
(
z′
)
+ P−p
(
z′
))− αs) dz′

 (4.5)
where P+p (z
′) and P−p (z
′) is the forward and backward propagating local
pump power, respectively. In our implementation, the gain profile takes the
following form in terms of the model parameters
Gs,i(zi) = exp
[
i∑
k=1
(gsPp,k − αs)∆z
]
(4.6)
where ∆z is the model section length (see section 2.3.2) and Pp,i is the
total pump power entering section i. Finally, in (4.3), LReff is the effective
nonlinear Raman length, given by
LReff =
L∫
0
G (z) dz (4.7)
In (4.7), LReff is seen to be proportional to the path-average gain/signal
power along the fiber length. By using the saturated gain profile Gs,i(zi)
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in the calculation of LReff in (4.7), gain saturation effects due to amplified
spontaneous emission (ASE) and large signal input power are therefore taken
into account in the final evaluation of γB and Pth in (4.2). From analytical
approximations the threshold condition in [48], Pth is found to scale inversely
with LReff , i.e.
Pth ≈
const · Aeff
gBLReff
(4.8)
where const is a constant that depends on the pumping conditions and only
slightly on the fiber parameters. This approximate relationship was also
observed in our modeling. Since saturation is a reduction of the gain, the
use of high input powers can in some cases increase Pth.
To summarize: For a specific set of parameters, which includes the signal
input power, the pump input powers, the pump direction and fiber param-
eters, such as the length, the SBS threshold power Pth can be found by
solving (4.3) for γB numerically and then use (4.2) to calculate Pth. The
calculation of Pth and L
R
eff has been validated by reproducing several of the
results from [48], using the exact same parameters and with ASE modeling
turned off. The accuracy of eq. (4.3) is discussed in [48] and based on figures
(3) and (5) in the paper, we expect Pth to be accurate within ∼1 dB up to
fiber lengths of ∼100 km. This estimate does not take the uncertainty of
the parameters used into account, however.
The above equations can be used to calculate the threshold power for a
CW signal in an arbitrarily pumped fiber of length L. For a signal car-
rying high-speed data (>100 Mbit/s), the threshold will be higher due to
the relatively narrow bandwidth of the Brillouin gain. For the amplitude-
shift-keying (ASK) non-return-to-zero (NRZ) modulation format, the Pth
has been found to increase by a factor of two (3 dB) compared to the CW
threshold power [91]. In the same reference, threshold improvements for
frequency-shift-keying (FSK) and phase-shift-keying (PSK) formats were
found to be even higher. In the following, the presented values of Pth is
therefore multiplied by a factor of two to account for the threshold modu-
lation dependence.
4.2.2. PON link model and parameters
The modeled bidirectional link is depicted in Fig. 4.3. The link consists of
TW-RS fiber and is bidirectionally pumped using two pumps at 1450 nm.
The fiber type is identical to the fiber used in our experimental demonstra-
tions [89,90,92] (see table 2.1 on page 12). The pump power, the direction
of the pumping and fiber length are independent parameters in the model.
To simplify the parameter space, we consider a single DS and US channel
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Figure 4.3.: PON link setup used for modeling maximum reach and channel ca-
pacity.
which are positioned at 1550.8 nm and 1549.2 nm, respectively. The av-
erage input powers of the two channels are PDS,in = 5 dBm and PUS,in =
−10 dBm respectively. As will be discussed in the following, these powers
constitute the total DS and US power into the link, which can be shared
among several DS and US channels. The lower upstream input power re-
flects the large loss in the passive part of the network. Due to the large
difference in input power between the two types of channels, we assume
that SBS will only be a problem for the DS channels.
For the DS channels, we require the channel output power from the link to
be Ps,DS,out ≥ Pmins,DS,out = 1 dBm/ch, in accordance with the power budget
presented in section 4.1.1. The sensitivity and output power requirements
for the US channels are much more relaxed, because the use of preamplified
receivers and therefore much lower sensitivity can be expected in the metro
part of the network.
For a specific fiber length and pump configuration (power and forward
pump ratio), the input power of each DS channel will be limited to minimum
input power, given by Pmins,DS,in = P
min
s,DS,out/G, where G is the net gain of
the link. Similarly, the threshold power Pth puts an upper boundary on
channel input power of a single DS channel. The ratio of the maximum
and minimum input power of the DS channel is the dynamic range of the
system, i.e.
Dynamic range =
Pth
Pmins,DS,in
=
Pth
Pmins,DS,out
G (4.9)
In the minimum dynamic range limit of unity, or 0 dB, the gain is exactly
large enough to deliver the required output power at the maximum allowed
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input power and is therefore referred to as the required gain
Greq = P
min
s,DS,out/Pth (4.10)
in the following. It is clear that G > Greq to simultaneously be able to
obtain the required output power and avoid SBS for the DS channels.
MPI is evaluated using the same method used in chapter 3, where the
maximum gain and pump power is found at a MPI threshold of -37 dB (see
section 3.2.1 for closer description). Because the DS and US channels are
located close to each other in wavelength, the gain and MPI values of the
two channels are almost identical.
As mentioned previously, only a single DS and US channel is modeled in
this context. However, by assuming that the gain is “flat” within a certain
bandwidth and the wavelength dependence of the noise figure, MPI and
SBS is small, the maximum number of channel pairs supported by the link,
or channel capacity, can be estimated from the ratio of the available DS
output power and the required minimum output power per DS channel, i.e.
Channel capacity =
PDS,out
Pmins,DS,out
=
PDS,in
Pmins,DS,out
G (4.11)
The channel capacity only indicates the available power in the system and
how many pairs of DS and US channels the system can support from a
power perspective. As such, it does not take into account any limitations
imposed by MPI and SBS.
The flat-gain assumption is not unreasonable as the Raman gain of a
single pump is relatively flat in itself, as shown in Fig. 2.7. For instance, the
1 dB gain bandwidth in 100 km TW-RS is 20 nm and the 3 dB bandwidth
is 31 nm. An obvious way of extending the flat gain bandwidth is to use
pumps at several wavelengths. To compare the multiple-pump case with our
single-pump case, the pump powers would have to be adjusted to match the
gain in our simulations across the considered bandwidth. The noise figure
depends only weakly on the wavelength for constant gain and this is also
the case for MPI.
4.2.3. Results
In this section, the maximum reach and channel capacity of Raman-based
PON links is numerically assessed for three different pump configurations.
The configurations include pure DS pumping, 50% bidirectional pumping
and pure US pumping. The results are calculated using the amplifier model
described in section 2.3 and 4.2.1 with the amplifier configuration described
in section 4.2.2. For each configuration, the net gain G, the SBS thresh-
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Figure 4.4.: Calculated results for a pure DS pumped link.
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old power Pth, the required gain Greq, the dynamic range and the channel
capacity are shown in contour plots as a function of the fiber length and
total pump power. The fiber lengths ranges between 20 km and 150 km and
the total pump power range from 150 mW to 800 mW. In all the figures, a
dashed blue line indicates the maximum pump power to be used at a given
fiber length, while maintaining a MPI< −37 dB.
Fig. 4.4 (a)–(e) shows the results for pure DS pumping. In this pump
configuration, the high input power channels (DS) will be amplified mostly
in the beginning of the fiber. The high average power in the fiber associated
with DS pumping makes Pth very sensitive to changes in the pump power,
as can be seen in Fig. 4.4 (b). In fact, Fig. 4.4 (c) shows that the net
gain requirements for this type of pumping are the highest of the considered
configurations, due to the low input power allowed by SBS. The high gain
requirements result in low dynamic range and an almost vertical G = Greq
contour around L = 30 km, corresponding to 0 dB dynamic range. This
means the maximum length of this link configuration is almost unaffected
by the pumping level, as an increase in gain from more pumping requires the
input power to be lowered by the same relative amount to avoid SBS. The
point of maximum reach is marked with a red circle at 34 km and 400 mW.
The channel capacity at this point is 19.
The results for 50% bidirectional pumping are shown in Figs. 4.5 (a) -
(e). Due to better distribution of the pump power in the fiber, the gain
increases with pump power, even for fibers longer than 120 km. In this
configuration, Pth ranges between -11 dBm and 2 dBm in the pump power
range allowed by MPI, which means the gain requirements are not as high
as for pure DS pumping. Also, the maximum pump power is high due to
the reduced MPI impairments associated with bidirectional pumping. This
means that relatively high gain values of 10 dB can be obtained without
MPI limitations, even for L > 100 km. The slope of the dynamic range
contours are less steep compared to the pure DS pumping case, which makes
it possible to overcome SBS limitations in a certain range of fiber lengths by
increasing the pump power and lowering the signal input power. In Fig. 4.4
(e), the channel capacity is seen to be high throughout the allowed lower
left region of the plot. The point of maximum reach is found at 110 km
length and 790 mW pump power.
The results for pure US pumping are shown in Figs. 4.6 (a) - (e). In
this configuration, the path-average power of the DS channels is the lowest
of the three compared configurations. Therefore, Pth is also highest in this
configuration and experiences less variation. The maximum pump power
allowed by the MPI threshold is similar to the max. power found in the
DS pumped configuration, but lower than for bidirectional pumping. The
slope of the dynamic range contours are also the smallest for this configura-
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Figure 4.5.: Calculated results for a 50% bidirectionally pumped link.
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Figure 4.6.: Calculated results for an US pumped link.
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Forward
pump
ratio
Lmax
[km]
Pp,in
[mW]
Channel
capacity
Pth
[dBm]
G
[dB]
NFDS
[dB]
NFUS
[dB]
1 34 400 19 -7.8 8.9 4.7 7.0
0.5 110 790 >32 -11.1 12.1 7.2 7.6
0 117 400 1 3.8 -2.9 21.2 7.0
Table 4.1.: Link parameters calculated at the point of maximum reach for a 100%,
50% and 0% forward pumped link.
tion meaning that increasing the pump power and lowering the signal input
powers can be quite beneficial for avoiding SBS. The point of maximum
reach is 117 km at 400 mW of pump power and is the longest reach found
of the three configurations. The channel capacity at this point is less than
two, however, which means that one would have to increase the total input
power or reduce the fiber length to transmit more than a single channel
pair.
4.2.4. Discussion and evaluation
Table 4.1 summarizes some important link parameters for the three pump
configurations tested in this section. The parameters are calculated at the
pump power and fiber length, Lmax, corresponding to the point of maximum
reach, marked with a red circle in Figs. 4.4–4.6 (e). From the table it is clear
that DS pumping is not very suitable for extending the reach of existing
PONs. On the other hand, to extend the link reach to a maximum and
maintain a moderate pump level, US pumping is a good solution. Please
keep in mind, however, that this analysis assumes the US channel input
power to be 15 dB lower, i.e. much smaller, than the DS channel input
power. To maintain a balance of a large channel capacity, > 100 km reach
and low noise figure, bidirectional pumping should be used. The trade off
here is that pumps must be installed in two locations rather than one and
that more pump power is required.
For all three configurations, the dynamic range at the point of maximum
reach is one. This means the DS channel input power must be equal to
Pth, which varies a lot between the configurations. For DS and bidirectional
pumping, the channel input power must be relatively low, -7.8 dBm and
-11.1 dBm, respectively, while maximum reach in an US pumped system
requires almost 4 dBm of input power per channel. Finally, the high noise
figure of 21.2 dB for the DS channels in the US pumped system should be
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noted. Although this figure is high, the noise figure is still lower than the
noise figure of a passive link followed by a discrete amplifier1 and should
not be a problem in these short range systems.
In these simulations, the total input power has been fixed at 5 dBm and
-10 dBm for the DS and US channels, respectively. At these input powers,
the link gain shows only moderate signs of gain saturation, depending on
the pumping level. In general, the channel capacity was found to increase
with the total input power, while we only observed a small input power
dependence of the G = Greq contour. In the limit of high input power
(>10 dBm), G = Greq contour was found to move toward shorter fiber
lengths, the maximum pump power increased and the maximum reach was
reduced due to increased gain saturation.
The considered fiber for the PON link in this context is TW-RS. The
main reason is its high Raman gain efficiency and low dispersion parameter.
By choosing a G.652 fiber instead, like SSMF, the sensitivity to DRB would
be relaxed [27], but the price would be higher required pump power and
required dispersion compensation. It should also be noted TW-RS has a
better Raman gain spectral flatness than SSMF [27].
To support larger splitting ratios in the system, EDFAs could be used
at the point between the link and local exchange. EDFAs are normally
designed for one-way traffic, however, so such an addition would require the
DS and US channels to be amplified separately using an amplifier/circulator
pair - one for each signal direction. By using EDFAs in the local exchange,
one would also need to pay attention to the US input power, which could
limit the amount backward pumping to avoid SBS. Furthermore, due to
the heavily saturated gain in these amplifiers, the EDFA gain would have
to be carefully controlled to avoid unwanted cross gain effects between the
channels. This point is discussed more in-depth in section 4.4.
In the simulations, the required channel output power for the DS channels,
Pmins,DS,out, was fixed at 1.0 dBm. This parameter determines the loss that can
be tolerated in the passive part of the network and may change depending
on the used splitting ratio, bit rate and receiver type. In the following, the
effect of such a change is briefly discussed.
An increase in Pmins,DS,out has the following effect on the system results:
1The noise figure of system consisting of a passive lossy element with loss G1, where
G1 < 1, followed by an amplifier with gain G2 and signal-spontaneous noise figure
NF2, is given by [45]
NF =
NF2
G1
=
2ρASE
G1G2hνs
where ρASE is the optical power spectral density of the amplifier output ASE at the
signal wavelength, h is Planck’s constant and νs is the signal frequency. Setting G1 =
−24 dB, or approximately equal to the loss in 117 km of TW-RS, and NF2 = 3 dB,
the total noise figure of the system can be evaluated to NF = 27 dB.
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• Greq scales linearly with Pmins,DS,out in (4.10) and will therefore increase
with Pmins,DS,out.
• The channel capacity and dynamic range scale inversely with Pmins,DS,out
in (4.11) and (4.9), respectively, and these will therefore decrease.
• The G = Greq contour in Fig. 4.4–4.6 (e) will move towards shorter
fiber lengths and thereby lower the maximum reach of the system.
A change in Pmins,DS,out of a few dB will thus affect the values of Lmax and
the channel capacity somewhat, but will not change the overall conclusions
made for the different pumping schemes.
4.3. Long-reach Raman PON architecture with 120
km reach
In this section, experimental results [90] regarding a bidirectional 10 Gbit/s
per channel PON link with 120 km reach is presented. The single-fiber link
is tested with two counter-propagating channels with identical input powers
and bit rate. The fiber is bidirectionally pumped to provide positive net gain
for both channels and no additional penalty due to bi-directional traffic is
observed. The high on-off gain and good noise performance is obtained
using a bidirectional pumping scheme with roughly 60% DS pumping. The
link output powers indicate potential use in > 100 km long reach PONs
with low split ratio and high symmetric bandwidth to the end user. No
dispersion compensation was used.
4.3.1. Experimental setup
The experimental setup is shown in Fig. 4.7. Two LiNbO3 Mach-Zehnder
modulators (MZMs) are used to generate the US and DS signals. The
electrical signals are obtained from the data and inverted data outputs of a
pulse pattern generator (PPG) and consists of a 231 − 1 pseudo-random bit
sequence (PRBS) pattern. The center wavelengths of the US and DS channel
are 1548.0 nm and 1550.4 nm, respectively. The PON link is composed of
120 km TW-RS with a total passive loss of 24.6 dB and a total chromatic
dispersion of 550 ps/nm at 1550 nm. The employed optical receiver consists
of a 0.8 nm bandpass filter (BPF) placed before PIN photodiode, which is
connected to the bit-error rate testset (BERT). No optical preamplification
is used in the receiver.
The US and DS signals are coupled into the PON link using two optical
circulators placed at each end of the link. Before transmission, the signals
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Figure 4.7.: Experimental setup of the bi-directional 120 km PON link.
are combined with two co-propagating Raman pumps using a coarse wave-
length division multiplexer (CWDM). In this setup, the channels will see
both co- and counter-propagating pumps during transmission. The US and
DS signal power into the link (measured after the CWDM) is -1.3 dBm and -
2.3 dBm, respectively. The wavelengths of the upstream pumps are 1437 nm
and 1465 nm and the optical input powers are 165 mW and 180 mW. The
wavelengths of the downstream pumps are 1427 nm and 1456 nm with re-
spective input powers of 231 mW and 279 mW. At the end of the link, the
circulator routes the signal to the receiver, where an optical BPF is used
to reject the ASE and back scattered power from the counter-propagating
channel.
4.3.2. Results and discussion
Fig. 4.8 (a) and (b) show the spectra measured at the fiber ends corre-
sponding to the US and DS channel outputs, respectively. A substantial
amount of channel light is seen to be reflected back from the link. The DS
channel reflects the most light, -10 dBm, while the reflected power from the
US channel peaks at -24 dBm. Inspection of the reflected spectra reveals
that the longer-wavelength 10 GHz clock tone is significantly larger than the
shorter ditto. The enhanced clock tone of the reflected DS spectrum is even
5 dB larger than the carrier. The large amount of reflected power combined
with the significantly enhanced longer-wavelength clock tone shows that
channels suffer nonlinear loss from SBS. The 10 GHz frequency separation
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Figure 4.8.: (a) and (b) measured output spectra at the two fiber ends.
Channel Pin [dBm] G
bi
on−off [dB] G
bi [dB] Guni [dB]
US -1.3 27.5 2.9 3.3
DS -2.3 26.8 2.2 2.4
Table 4.2.: Uni- and bi-directional gain of the two channels.
between the carrier and clock tone corresponds to the typical Stokes shift in
a Brillouin amplifier [91] and effectively causes the carrier to act as a pump
for the counter-propagating Stokes light at the clock frequency. Although
SBS is clearly an issue at these channel input powers and pumping levels,
the effect on the BER was not significant, as will be shown in the following.
The measured gain of both channels are summarized in table 4.2. In the
bi-directional case, when both the US and DS channels are on, the net gain is
measured to 2.9 dB and 2.2 dB, respectively. The corresponding on-off gain
is 27.5 dB and 26.8 dB, which gives rise to a signal power at the output of
the link of 1.6 dBm and -0.1 dBm for the US and DS channel, respectively.
The received optical signal-to-noise ratio (OSNR) (noise spectral density
measured in a 0.1 nm resolution bandwidth) is measured before the BPF and
is found to be 40.9 dB and 41.9 dB for the US and DS channel, respectively.
With only a single channel turned on (uni-directional case), the gain and
OSNR of both channels increase by 0.2 dB, thereby indicating a very low
level of gain saturation.
Eye diagrams measured before and after transmission, using the optical
input of a high-speed sampling oscilloscope, are shown in Fig. 4.9 (a),
(b), (c) and (d). A BPF is used in front of the oscilloscope to select the
channel and reject ASE noise and reflections. Notable pulse broadening due
to fiber dispersion is detected, but the eye is still wide open after 120 km
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(a) US back-to-back (b) DS back-to-back
(c) US 120 km (d) DS 120 km
Figure 4.9.: Measured eye diagrams before and after transmission. Time scale is
16.3 ps/div – 17.0 ps/div.
transmission (∼ 550 ps/nm) without dispersion compensation. The 1 dB
penalty due to dispersion has been found to be ∼ 950 ps/nm for 10 Gbit/s
ASK-NRZ signals [55]. Compared with the transmitted US signal in Fig.
4.9 (c), the transmitted DS signal is seen to suffer from additional 1-bit
noise in Fig. 4.9 (d). This additional noise is attributed to the mild degree
of SBS, which was detected in the reflected spectra of the DS channel.
Measurements of BER as a function of input power are shown in Fig. 4.10
for both channels. The channels have been characterized in the case of back-
to-back (after the transmitter), after uni-directional transmission and after
bi-directional transmission. The sensitivity is defined as the minimum power
at which a BER of 10−9 can be obtained. The back-to-back sensitivities are
-18.8 dBm and -19.6 dBm, for US and DS channel, respectively. After
unidirectional transmission, a sensitivity penalty of 0.8 dB (US) and 0.9 dB
(DS) is found. For the bidirectional case, the penalty is 0.7 dB (US) and
0.8 dB (DS), compared to back-to-back. All in all, penalties of less than
1 dB are found in all four cases and no performance degradation is found
when comparing bi- to uni-directional transmission. From this, we can
also conclude that the total fiber dispersion is not a problem at this reach
distance.
An estimated output power of 1 dBm per channel would be required
if the link were to be used in PON applications, as discussed in section
4.1.1. The present link is almost capable of this with measured channel
output powers of 1.6 dBm and -0.1 dBm. Although no significant penalty
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Figure 4.10.: BER as a function of received power for the up- (solid) and down-
stream (dashed) channels.
in receiver sensitivity is found after transmission, the measured spectra and
eye diagrams indicate that SBS is a beginning problem in this particular
link configuration. To reduce the effect from SBS and maintain the 120 km
reach, the slope of the contours in Fig. 4.5 (e) suggests that increasing the
pump power and lowering the input power will reduce the effect from SBS
while still maintaining a high output power.
When comparing with the simulation results for the same fiber length and
gain in Fig. 4.5 (e), it is interesting to note that the experimental demon-
stration at 120 km exceeds the limitations set by the G = Greq contour
with > 30 km, but with very little penalty. Assuming that the calculated
values of Pth are close to the experimental values, this indicates that SBS-
induced penalties only become significant at input powers that are several
dB’s larger than Pth.
It should be mentioned that phase modulation is a well-known technique
for broadening the signal spectrum and thereby increase Pth for a single
channel by several dB’s. Because this technique requires an additional phase
modulator as well as several synthesizers to generate the high-frequency
modulation tones [93], we have chosen not to consider this technique in the
context of the long-reach Raman PONs, where system cost is expected to
be the most important parameter.
To summarize, a simple design for a long-reach PON link has been tested,
based on a single bi-directional NZDSF fiber employing distributed Raman
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amplification. After 120 km of transmission, without any use of dispersion
compensation, we find received OSNR values in excess of 40 dB, transmis-
sion penalties limited to ∼ 0.8 dB and no increased penalty due to the
bi-directional operation. To conclude, we find the bidirectional long-reach
PON link to be an excellent candidate for future long-reach access systems
with more than 100 km reach.
4.4. Dynamic performance
The long reach, or super, PON is a promising way to reduce the cost and
increase the bandwidth of future access networks [86, 94]. In the previous
sections, it was demonstrated how DRA can be used to extend the reach
of today’s PONs. Apart from the static performance of these networks,
future PONs will also have to accommodate rapid changes in traffic demands
from the end users, as well as the slot-based and discontinuous upstream
traffic [95]. Due to cross-gain modulation (XGM), fluctuating input power of
a single channel will cause output power fluctuations of neighboring channels
in a saturated amplifier. These power fluctuations occur over a certain
transient time and can lead to output power bursts which may result in
receiver burst-errors or even damage to the receiver [96]. Systems relying on
FEC will be particularly vulnerable to power transients, as the burst-error
correction capability of standard interleaved Reed-Solomon code structure
is insufficient to correct the resulting bit errors for typical slow amplifier
transients (0.1 ms) [97].
To avoid the cost of transient control in deeply saturated amplifiers,
such as EDFAs, a highly linear amplifier would therefore be an attractive
candidate for future PON links. Linear amplifiers based on gain-clamped
SOAs [98] and combinations of SOAs and discrete Raman amplifiers [99]
have recently been proposed for PON and metro applications. Although
very good burst-mode performance has been demonstrated using these am-
plifiers, the results have been limited to output powers up to 7.5 dBm,
unrepeated reach up to 60 km and unidirectional amplification. As an al-
ternative to these amplifiers, it is well-known that DRA features high input
saturation power (see Fig. 2.11 on page 36). As a result, DRA has been
proposed for metro applications by Aoki et al., due to its highly linear gain
properties and flexible gain bandwidth [100].
In this section, we study the dynamic properties of a bidirectionally Ra-
man pumped PON link, employing NZDSF and no gain control. The link is
tested under burst-mode conditions, using two strong neighboring channels,
which are periodically on-off modulated to “disturb” a surviving data chan-
nel in both a co- and counter-propagating configuration. The number of
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Figure 4.11.: Experimental setup used to measure BER and power transients.
disturbing channels is emulated by varying the input power of the disturb-
ing channels. The resulting effect is characterized in terms of output power
transients and receiver sensitivity penalties, for the surviving data chan-
nel. The transients are also studied using the numerical model, described
in chapter 2 and the calculated results agree well with the measured power
transients. The model is furthermore used to explain the reduced penalty
found in the case of counter-propagating disturbance.
4.4.1. Experimental setup
The experimental setup used to measure BER and output power transients
from the symmetric PON link is shown in Fig. 4.11. The link consists of
80 km of TW-RS, featuring low dispersion of 4.6 ps/nm/km at 1550 nm
and high Raman gain efficiency of 0.71 W−1km−1. The Raman pump light
is coupled into the link at each end using two CWDMs. The CWDMs and
the fiber add up to a total link loss of 17.9 dB. The pump wavelengths
are chosen so they provide gain in the entire C-band and the total pump
power is 233 mW and 221 mW in the co- and counter-propagating direc-
tion, respectively. The pumps provide a small-signal on-off gain of 22.0 dB,
corresponding to a small net gain of 4.1 dB. The highly linear gain of the
DRA-based link is confirmed a measurement of the static 3 dB input satu-
ration power of the link of 11 dBm.
A distributed feedback (DFB) laser at 1550.7 nm is used as the data
channel source. The polarization is optimized using a polarization controller
(PC) prior to entering the MZM, which is controlled by a PPG. A 10 Gbit/s
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Figure 4.12.: (a) Co- and (b) counter-propagating disturbing channel setup.
NRZ signal is encoded with a 27−1 PRBS. From here, the signal is combined
with the disturbing channels using a 3 dB coupler and fed into the link via
an optical circulator, OC1. The signal input power is fixed at -2 dBm. In
this work, the data channel resembles either an US or a DS channel which
is subjected to XGM from the on-off switching of the neighboring channels.
It should be noted that US channels typically have input powers lower than
-2 dBm, due to high splitting loss in the access network, but as long as the
channel input power is far below the saturation input power of the link, the
conclusions will be the same in these two cases. The receiver consists of
a BPF followed by a variable optical attenuator (VOA), which is used to
adjust the input power to the photodiode and BERT. To characterize and
save the transient waveforms, a low bandwidth (100 MHz) photodiode is
used along with an oscilloscope (OSC).
The signal is disturbed using two neighboring channels positioned at λ1 =
1549.1 nm and λ2 = 1552.3 nm. The disturbing channels modulate the
saturable gain through XGM. The two test configurations are shown in
Fig. 4.12 (a) and (b), where the channels co- and counter-propagate with the
signal, respectively. The CW channels are on-off modulated at 500 Hz with a
50% duty cycle using an acousto-optic modulator (AOM) with ns response.
The two channels have similar power levels and the sum of the channel
peak powers into the span, the so-called disturbing power, is regulated using
a VOA.
4.4.2. Results and discussion
Fig. 4.13 (a) and (b) show measured and calculated output power tran-
sients of the signal channel, when co- or counter-propagating disturbance
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Figure 4.13.: Measured and calculated output power transients due to different
levels of disturbance power. The power scale is normalized and in
linear units.
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Figure 4.14.: Calculated small-signal cross-gain response for a channel with co- and
counter-propagating disturbance, in a bidirectional pumped link.
is used, respectively. The levels are normalized so that unity output power
corresponds to the unsaturated gain. Fig. 4.13 (c) shows the output of the
co-propagating disturbing channels. In Fig. 4.13 (a), (b) and (c), the three
traces correspond to different levels of disturbance power and the values in
dBm are shown in the figures. The left column shows the measured traces,
while the right column shows traces calculated using the numerical model
and using the same disturbing powers. The model uses a single pump wave-
length and the same forward pump ratio, as in the experiment. The total
pump power is adjusted to match the gain in the experiment.
Apart from the small signal overshoots found in the measurements at
high disturbance powers, very good agreement is found between experiment
and model, for all three types of transients. There is a distinctive difference
between the signal transients developed in the two cases, in Fig. 4.13 (a)
and (b). In the co-propagating case, the power changes from saturated to
unsaturated output power in the order of ∼ 400µs. This time corresponds
to the transit time of the 80 km link. In the counter-propagating case,
the transients develop over twice the transit time, i.e. close to 1 ms. The
resulting transient shapes can be considered to be the result of a filtering
effect, as will be explained in the following.
Fig. 4.14 shows the calculated cross-gain response of a weak probe (signal)
channel experiencing a gain modulation imposed by strong pump channel.
The pump channel is modulated with a small sinusoidal modulation. The
response is calculated using the amplifier model with the same pump and
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link parameters as used in the calculation of Fig. 4.13. The cross-gain
response, S21, is defined as the ratio of the modulation amplitude of the
probe at the output, P2,out, and that of the pump channel at the input,
P1,in, i.e.
S21 =
P2,out
P1,in
(4.12)
While the response is practically flat in the co-propagating case in Fig. 4.14,
the crosstalk is seen to be effectively low-pass filtered in the counter propa-
gating configuration, with a cut-off frequency close to 1 kHz. The low-pass
filter response is a result of rapid walk-off between the counter-propagating
pump and probe channel and is seen to roll-off with 10 dB/decade. If dis-
persion was included in the model, the co-propagating cross talk would also
be filtered, but with a much higher roll-off frequency than in the counter-
propagating case. The XGM roll-off frequency has been calculated for 80 km
purely forward-pumped TW-RS and found to be close to 100 MHz [53],
which is well beyond the frequencies considered here. The reason why the
co-propagating response is not entirely flat in the considered range is most
likely that the low frequency XGM response for two co-propagating channels
in a counter-pumped amplifier is higher than in a co-pumped amplifier [53].
In the low frequency range, the response is therefore dominated by counter-
propagating pump-mediated crosstalk, while the crosstalk mediated by the
co-propagating pump dominates in the high-frequency range. The not-so-
flat response is therefore a signature of bidirectional pumping. The dips
and peaks in the counter-propagating response are a result of the effective
gain length determined by the loss and length of the fiber and is explained
in more detail in [33].
Measured eye diagrams of the data channel after transmission and filtering
are shown in Fig. 4.15. Co- and counter-propagating disturbance has been
used in the top and bottom row of the figure, respectively, and the disturbing
power is in both cases varied between 1 dBm, 7 dBm and 10 dBm. The faster
transients associated with co-propagating disturbance are seen to give rise
to two separate one-bit levels in the top row of Fig. 4.15, while the slower
transients in the counter-propagating case give rise to a more homogeneously
broadened one-bit level, in the bottom row of Fig. 4.15. Some broadening
due to dispersion can also be detected.
Four measured BER curves are shown vs. received power in Fig. 4.16.
Sensitivities of −20.4 dBm and -19.4 dBm are found in the case of back-to-
back and after transmission with no disturbance, respectively. At 11 dBm
of co-propagating disturbance power, an error floor is observed to appear,
as a result of transient-induced eye-closure. For counter-propagating dis-
turbance, no sign of error floor is seen at 13 dBm of disturbance power.
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(a) Co-propagating distur-
bance, 1 dBm
(b) Co-propagating distur-
bance, 7 dBm
(c) Co-propagating distur-
bance, 10 dBm
(d) Counter-propagating
disturbance, 1 dBm
(e) Counter-propagating
disturbance, 7 dBm
(f) Counter-propagating
disturbance, 10 dBm
Figure 4.15.: Data channel eye diagrams measured after transmission with co- and
counter-propagating disturbance. The disturbance power is 1 dBm,
7 dBm and 10 dBm. Time scale is 20 ps/div and 16.2 ps/div –
17.2 ps/div, when co- and counter-propagating disturbance was used,
respectively.
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Figure 4.16.: BER vs. received power. (Inset) Receiver sensitivity penalties, mea-
sured at a BER of 10−9, vs. disturbance power.
The receiver sensitivity penalties at a BER of 10−9 and due to transmission
with co- or counter-propagating disturbing channels are shown in the figure
inset as a function of disturbance power. The filled symbols mark the use of
on-off disturbance, while the hollow symbols indicate that CW disturbance
is used, i.e. the channels are not modulated.
Two main conclusions can be drawn from the inset. Firstly, that on-off
disturbance is worse than CW disturbance and secondly, that co-propagating
disturbance is worse than counter-propagating disturbance. With less than
7 dBm of disturbance power, the penalties are in all four cases less than
1 dB, which indicate the high dynamic tolerance of the link. If the 7 dBm is
converted into a corresponding number of disturbing channels with -2 dBm
of input power (same as the signal channel), this disturbing power corre-
sponds to simultaneous on-off modulation of 8 out of 9 channels, with no
more than 1 dB penalty.
As the disturbing power is increased up to 11 dBm, however, the penalty
due to co-propagating on-off disturbance approaches is 4 dB and the co-
propagating on-off disturbance scheme clearly turns out to be a worst-case
scenario. The best scenario, on the other hand, is counter-propagating CW
disturbance, where no, or even slightly negative, penalty can be detected.
The reduced penalty in the counter-propagating case is attributed to the
low-pass filtering of the transients, as previously discussed, while the penalty
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due to the CW disturbance is attributed to the employed coherence control,
which was used to broaden the disturbing channel spectrum to prevent
SBS. The coherence control was observed to also result in some amplitude
modulation of the disturbing channels and was therefore found unsuitable
for use with data modulation.
All in all, we conclude that the proposed Raman PON link shows good
burst-mode tolerance without any use of active gain control. We thus find
the receiver sensitivity penalty to be acceptable and less than 1.0 dB, even
in a worst-case scenario, corresponding to the periodic and simultaneous
adding and dropping of 8 out of 9 co-propagating channels.
4.5. Summary
A new architecture for extending the reach of today’s passive optical networks
(PONs) by using distributed Raman amplification in the long-reach PON
link has been proposed and demonstrated. The maximum reach and channel
capacity of the system has been numerically modeled and it was found that
more than 100 km reach can be obtained by using US pumping. Long reach
combined with a large channel capacity can be obtained, if bi-directional
pumping is used. DS pumping was found to be poor solution for extending
the reach of these systems, due to the low overall gain and limitations from
SBS, in this scheme. To emphasize the long reach of the Raman PON ar-
chitecture, a 120 km bidirectionally pumped link with symmetric 10 Gbit/s
traffic, was experimentally demonstrated, with high channel output powers
and low transmission penalties of less than 0.8 dB.
The dynamic performance of an 80 km bidirectional Raman PON link
has been experimentally tested with 10 Gbit/s burst-mode traffic. The
highly linear gain properties of the link was found to make it robust to-
wards dynamic adding and dropping of neighboring channels. As such, the
disturbance penalty on a surviving channel was found to be less than 1.0 dB,
in the worst-case scenario, where a co-propagating disturbing power, corre-
sponding to 8 channels, was periodically on-off modulated.
To conclude, we believe that the proposed Raman-based PON link should
be regarded a serious contender for future, high-capacity links in PONs with
burst-mode traffic.
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transient effects
In saturated amplifiers, transient crosstalk is generated between adjacent
channels, when the average power into the amplifier changes abruptly. This
type of crosstalk can be a serious problem in today’s reconfigurable net-
works where reconfigurable optical add/drop multiplexers (ROADMs) and
optical cross connects are used for dynamic routing and switching of indi-
vidual channels. The involved switching puts severe demands on the dy-
namic properties of the network amplifiers, and if the amplifier gain is not
well-controlled at the channel-level, dynamic channel add/drops will cause
network amplifiers to respond with power transients at their outputs [9]. In
general, transients are always unwanted in a system, as they impair the re-
ceiver sensitivity [92,101], can cause potential damage to system components
and increase the effect from system nonlinearities during transmission.
In this chapter, the main topic is inter-channel crosstalk arising from
cross-gain modulation (XGM) in fiber-based amplifiers. In particular, the
focus is on a newly developed method for all-optical equalization of power
transients, on a channel basis. The chapter is structured as follows: Section
5.1 describes why and how transients arise in networks with switched traffic.
Section 5.2 discusses how transients, arising from crosstalk in fiber Raman
amplifiers (FRAs) and erbium-doped fiber amplifiers (EDFAs), can impair
the signal transmission and detection. Finally, sections 5.3, 5.4 and 5.5
describe the principle, the design and an experimental demonstration of the
developed transient equalizer.
5.1. Crosstalk in saturated amplifiers
Two signal channels propagating in the same active (i.e. amplifying) wave-
guide can induce crosstalk through XGM. XGM is a result of the saturable
gain inherent to all amplifiers and reflects that the gain experienced by each
channel draws upon the same limited power reservoir. If the reservoir is
depleted by one channel, the gain of the neighboring channels will also be
affected. In FRAs, the gain at a specific location in the fiber depends on the
instantaneous pump power at that location. Because the pump power can
be co- or counter-propagating with the signal channel, the amount of pump
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Figure 5.1.: The generation of power transients on a surviving and switched chan-
nel, in a saturated amplifier.
depletion and crosstalk will depend on the relative propagation direction of
the signals and pumps.
Fig. 5.1 illustrates how transient waveforms can be generated in a net-
work situation. The figure shows a point-to-point system with four co-
propagating wavelength division multiplexed (WDM) channels. A ROADM,
located prior to a saturated optical amplifier, periodically adds and drops
(switches it on and off) one of the WDM channels. The resulting waveforms
of the surviving and switched channels, at the amplifier input and output,
are shown below the setup. The waveforms are calculated for a backward
pumped dispersion compensating Raman amplifier (DCRA), where the in-
put power of the switched channel is much larger than the input power of
the surviving channels. The waveforms should be regarded as envelopes of
the average signal power and contain modulated data with a bit rate that
is much faster than the time scale of the waveform transient. Details of
the simulation is left out here for illustrative purposes and more detailed
descriptions of this type of crosstalk will be provided later in the chapter.
Due to inter-channel crosstalk through the saturated amplifier gain, the
power of the surviving channel at the output of the amplifier is seen to oscil-
late out-of-phase with the output of the switched channel. Furthermore, the
switched channel output now includes a large power spike, or overshoot, at
the beginning of the envelope pulse. The spike is a result of the unsaturated
amplifier gain experienced by the leading edge of the envelope pulse before
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the gain starts saturating.
Transients, like the ones shown in Fig. 5.1, are generated when signals
with fluctuating power is injected into a saturable amplifier. Power fluc-
tuations can arise in reconfigurable networks, where the use of switching
nodes are an inherent part of the network, or as a result of channel recon-
figuration, or simply due to discontinuous traffic, as described in chapter
4. Power fluctuations can also occur due to network faults, such as e.g.
cable cuts. An additional problem is that transients are known to build-
up along both erbium- and Raman-amplified transmission links [102, 103],
although to a much smaller extent in Raman-amplified links than in links
with EDFAs [11]. It is therefore important that power transients are well-
controlled and are not allowed to propagate through several amplified spans
without mitigation.
The transient magnitude and shape depends to a large extent on the am-
plifier configuration and how well the gain is controlled. Because EDFAs
tend to run in heavy saturation, small changes in the input power can result
in relatively large output power spikes that give rise to burst errors at de-
tection [101]. Automatic gain control can be used to mitigate this problem
and, with constant monitoring of the total input or output power, automatic
gain control in EDFAs with a response time of a few µs was demonstrated
by Sun et al. in 1999 [104]. Using this technique, transient overshoots of
single channel were reduced to a few tenths of a dB by control of the pump
lasers. However, this way of controlling transients is not a trivial task and
today, almost 10 years after these results were published, transients still
seem to be a problematic issue in newly deployed 40 Gbit/s networks, in
spite the use of automatic gain control [105]. One problem with automatic
gain control is that it only keeps the total gain constant and not the indi-
vidual channel gain. In the worst case, the channel dependence of the gain
control efficiency can thus lead to oscillations and instabilities in the chan-
nel power control [106]. Furthermore, it has been shown that the optimal
feedback control parameters for a single amplifier do not lead to optimal
results for cascaded EDFAs [107]. For a system designer this implies that
the controller parameters should not only be optimized for a single EDFA,
but also for a chain of EDFAs where the transient power fluctuations have
accumulated, which is challenging in a complex reconfigurable network.
For FRAs, automatic gain control has been demonstrated for both back-
ward and forward pumped amplifiers [108, 109]. Although the literature
on transient propagation in cascaded Raman-amplified links is very lim-
ited [11,110], it indicates that transient evolution in Raman amplified links
is also channel dependent [110]. This means that a simple pump control
scheme, which affects many channels simultaneously in FRAs, due to its
∼ 30 nm gain bandwidth, will not be an effective technique for mitigating
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Figure 5.2.: Calculated DCRA output power, OSNR and MPI for a surviving chan-
nel subjected to crosstalk from a (a) co- and (b) counter-propagating
switched channel. The DCRA consists of 14 km DCF for SSMF
pumped with 250 mW of pump power. The pump is counter -
propagating with the surviving channel and centered at 1453 nm. The
peak input power of both channels is -1.8 dBm and the wavelengths
of the surviving and switched channel are 1549.2 nm and 1550.8 nm,
respectively.
transients on a channel basis.
5.2. Transient impairments
Much work has already been done in understanding the nature and shape
of transients arising from inter-channel crosstalk in fiber-based optical am-
plifiers. The reader is therefore referred to the work by Desurvire, Sun and
Bononi for a discussion of transient crosstalk in EDFAs [104, 111, 112] and
to the work by Chen, Bononi and Kara´sek [113–115] for crosstalk in FRAs.
In this section, calculated and measured output power transients in DCRAs
and EDFAs without gain-control are compared with regard to the transient
magnitude and system impairments. In order to make an experimental com-
parison, we focus on the surviving channel transients, as the channel data
of these channels are not bursty and therefore much easier to detect exper-
imentally, i.e. they do not require a burst-mode receiver to be detected.
5.2.1. DCRA simulations
Fig. 5.2 (a) and (b) shows calculated waveforms of output power, optical
signal-to-noise ratio (OSNR) and multi-path interference (MPI) noise, due
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to double Rayleigh backscattering (DRB), for a surviving channel subjected
to inter-channel crosstalk in a DCRA. The OSNR and MPI is defined
according to eq. (2.42) and (2.43), respectively. In Fig. 5.2 (a) and (b),
the crosstalk stems from a co- and counter-propagating on-off modulated
(switched) channel, respectively. The modulation frequency of the switched
channel is 2.5 kHz. The DCRA consists of 14 km dispersion compensating
fiber (DCF) for standard single-mode fiber (SSMF), and this is pumped with
250 mW of pump power. In both cases, the pump is counter -propagating to
the surviving channel and centered at 1453.0 nm. The input power of both
channels is -1.8 dBm and the wavelengths of the surviving and switched
channel are 1549.2 nm and 1550.8 nm, respectively.
It is clear that inter-channel crosstalk causes both the output power,
OSNR and MPI to oscillate with time. The shape of the transients is a
result of the complex interplay between the pump and signals and depends
especially on the transit time of the fiber [114]. In both channel configu-
rations, the maximum output power variation of the surviving channel is
0.6 dB, while the maximum variation of the OSNR and MPI are ∼ 0.1 dB
and ∼ 0.9 dB, respectively. It is interesting to note that the variation of
the OSNR is notably smaller than the power variation in these amplifiers.
This shows that the amplified spontaneous emission (ASE) at the amplifier
output is also modulated and its variations follow the signal power closely.
Similarly, it is worth noting that the variation of the MPI is larger than the
output power variation.
We have also modeled co- and counter-propagating crosstalk in DCRAs
with a pump that co-propagates with the surviving channel. In these con-
figurations, we found the maximum output power variation to be similar to
the previously mentioned, while the maximum variation of the MPI and, in
particular, OSNR was found to be notably smaller.
These transient variations in power, OSNR and MPI can all affect the
optimum decision threshold in a receiver and, as such, impair the receiver
sensitivity. For this type of crosstalk, however, we expect phase-shift-
keying (PSK) modulation using balanced detection to be more robust than
amplitude-shift-keying (ASK) modulation, since the decision threshold for
PSK is fixed at ∼ 0 V and does not depend on the received power.
5.2.2. EDFA measurements
Fig. 5.3 (a) shows crosstalk-induced power transients of a surviving chan-
nel measured at the output of a commercial power-controlled EDFA. The
crosstalk is induced by a switched co-propagating channel with a peak input
power that is varied between -5.8 dBm and -0.8 dBm. The input power of
the surviving channel is -1.8 dBm and the switching frequency is 5 kHz.
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Figure 5.3.: (a) Measured transients due to crosstalk between a switched and co-
propagating surviving channel in a power-controlled EDFA. The input
power of the surviving channel is -1.8 dBm while the input power of
the switched channel is varied.
(b) Induced penalty and transient power variation vs. input power of
the switched channel.
The wavelength separation between the two channels is 6.3 nm.
The measured power variation of the surviving channel transient is ex-
tracted from Fig. 5.3 (a) and shown as a function of the switched channel
input power, in Fig. 5.3 (b) (right axis). The power variation increases
steadily with the switched channel input power and is 3.1 dB, when the
input power of both channels is -1.8 dBm. The left axis in Fig. 5.3 (b)
shows the receiver sensitivity penalty at a bit-error rate (BER) of 10−9, for
a 40 Gbit/s return-to-zero (RZ)-on-off-keying (OOK) signal that is impaired
by the transient. The penalty (in dB) is seen to rise faster than the corre-
sponding power variation (also in dB), as the input power of the switched
channel increases. The maximum penalty found is 6.4 dB and this is associ-
ated with a power variation of 3.8 dB. The results show that transients can
clearly induce large sensitivity penalties and also that the induced penalty
can be substantially larger than the power variation.
Comparison The 3.1 dB output power variation from the EDFA, when the
input power of both channels is -1.8 dBm, can be compared to the simulated
0.6 dB power variation obtained with the DCRA, in the previous section.
The comparison suggests that EDFA induced transients are larger and more
easily generated compared to the same in a FRAs under the same input
power conditions. That FRAs are more robust toward switched traffic is, in
fact, a general trend [116] and the main reason is the relatively low level of
saturation of the FRA under normal operation. The deeply saturated gain
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of the EDFA under normal operating conditions, on the other hand, means
that its steady-state output power is mainly determined by the EDFA pump
power and is more or less independent of the input power.
In the following, we focus entirely on EDFA-generated transients and a
newly developed method for equalizing these.
5.3. Transient equalization using SPM in HNLF
As discussed in the previous sections, inter-channel crosstalk in saturated
amplifiers lead to output power transients, which impair the signal quality
and receiver sensitivity. Although automatic gain control is used in state-
of-the-art EDFAs, it is unable to fully suppress the transients on a channel
basis and also has problems when it comes to suppressing transients in links
with varying span numbers, e.g. in reconfigurable networks. Combined
with the fact that major industry players like AT&T, Nokia-Siemens and
Alcatel-Lucent have recently taken great interest in this field [105,117,118],
these findings strongly suggest that transients remain an unsolved issue in
today’s newly-deployed systems.
The sensitivity penalties induced by transient crosstalk are expected to
be particularly significant in high bit rate systems of 40 Gbit/s and beyond,
where the system OSNR margins are smaller and uncontrolled power bursts
lead to a larger number of erroneously detected bits. Based on these obser-
vations, it is evident that there is a need for a robust and simple method
to mitigate the influence of transients, on an individual channel basis, in
high-speed WDM systems.
5.3.1. Previously demonstrated methods
The traditional way to regenerate a distorted optical signal is to detect
and convert it to an electrical signal using an optical receiver, perform the
signal regeneration electronically and subsequently retransmit the signal in
the optical domain. The drawbacks of this technique (O-E-O conversion) are
the large number of components involved, the size, the power consumption
and the price of the components, all of which can be expected to increase
with the bit rate and number of channels involved. Furthermore, real-time
regeneration at 40 Gbit/s is expected to be a major technological challenge
[119], even with the high-speed electronics available today.
As alternatives to electronic signal processing using O-E-O conversion, a
few all-optical techniques have been proposed for equalizing transients. One
method uses a multiple- and forward-pumped discrete FRA to compensate
gain slope and residual EDFA transients by fast control of the pump pow-
ers [117]. This method does not work on a channel basis, however, but can
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be used for fast adjustment of the Raman gain across a large bandwidth.
Another promising technique uses a silicon-on-insulator-based device which
continuously monitors the channel input power and then feeds a control
signal to a high-speed variable optical attenuator (VOA) [120]. By com-
bining several of these devices with an arrayed waveguide grating (AWG),
equalization of EDFA transients on four 10 Gbit/s channels has been suc-
cessfully demonstrated. The speed of the device is limited to 20 MHz, while
the insertion and polarization dependent loss of the device have not been
provided.
By utilizing the nonlinear gain properties of a semiconductor optical
amplifier (SOA), T. Gibbon et al. from DTU Fotonik have successfully used
a reflective SOA to equalize transients on a single 10 Gbit/s non-return-to-
zero (NRZ) channel and thereby reduced the transient-induced sensitivity
penalty from 2.3 dB to 1.7 dB [121]. The device performance was signif-
icantly improved by using a strong holding beam to clamp the gain and
increase the stimulated emission rate in the device. This resulted in a re-
duction of the penalty to merely 0.2 dB. Although this improvement is not
fully understood at this time, the technique seems promising, in particular,
due to the low power required to saturate the gain. In the experiment, an
optimum input power of -14 dBm was found to provide the best equaliza-
tion results. The experiment, however, also showed clear signs of patterning
and a BER dependence on the word length used. Although these effects
were significantly reduced by the holding beam, it remains to be seen if this
scheme is fast enough for 40 Gbit/s operation.
In the following, a novel and ultra-fast optical device is proposed for
equalizing power transients on a channel basis.
5.3.2. Component principle
Fig. 5.4 shows the principle of the proposed transient equalizer. Essentially,
the component consists of a piece of highly nonlinear fiber (HNLF) followed
by a bandpass filter (BPF). The bandwidth of the filter should be similar to
the bandwidth of the impaired signal and the center frequency of the filter
νBPF should be equal to the center frequency of the impaired signal νs, i.e.
νBPF = νs (5.1)
This condition is an essential part of the idea, as will be discussed in the
following.
To understand the device principle, one can imagine a single signal pulse
entering HNLF. If the pulse power into the HNLF is sufficiently high,
the pulse spectrum will broaden due to Kerr-induced self-phase modulation
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Figure 5.4.: Principle of the HNLF-based transient equalizer.
(SPM) in the fiber [20]. As the pulse passes through the filter, its spectrum
is shaped by the filter and the high-frequency components of the pulse will
be cut away. In this way, high power pulses will experience a large output
power reduction due to filtering, while low-power pulses will pass through
the filter practically unaltered.
The principle of operation is similar to the optical regenerator proposed
by Mamyshev in [122]. One important difference is, however, that the out-
put filter here is not detuned with respect to the input carrier frequency.
This on-carrier filtering is found to work well for transient-impaired signals,
where almost all of the intensity noise is located in the 1-bits. Furthermore,
we have found that this method dramatically relaxes the input power re-
quirements of the device and at the same time avoids unwanted wavelength
conversion compared with off-carrier filtering. Because the device principle
relies on the shift in instantaneous frequency across each pulse, the device
will not work for full width pulse formats, such as NRZ. Instead, the device
is effective for equalizing uneven pulse amplitudes for RZ-based formats.
Compared to NRZ, RZ formats generally have better non-linear tolerance
and are typically preferred in high bit rate systems (> 10 Gbit/s) [123].
Due to the fundamental nature of SPM and the near-instantaneous Kerr-
effect, the device is practically polarization independent and works at very
high data rates. As such, SPM has, for instance, been used for all-optical
wavelength conversion at a symbol rate of 160 Gbaud [124].
By changing the bandwidth of the output filter, the device can be opti-
mized for different modulation formats and bit rates. In general, the filter
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Figure 5.5.: Setup used in transient equalizer simulations.
bandwidth should be similar to the spectral width of the input signal, but
this is discussed in more detail, in the following section. Aside from the filter
bandwidth ∆νBPF and transfer function, the most important optimization
parameters of the device are the nonlinear coefficient γ, the length L and the
dispersion coefficient D of the HNLF. The optimization of these parameters,
based on a numerical model, is the topic of the following section.
5.4. Transient equalizer design
To optimize the parameters of the fiber-based transient equalizer, a nu-
merical model was implemented using a commercial simulation tool from
VPIphotonics [125]. In the following, the model setup is described followed
by an explanation of how the optimized parameters are found.
5.4.1. Model description
The basic setup of the simulation model is shown in Fig. 5.5. The setup fea-
tures a transmitter part, which consists of a pulse source that emits Gaussian
pulses at a pulse repetition rate of 40 GHz. The pulse train is encoded with
a 26−1 length pseudo-random bit sequence (PRBS). The signal is centered
at 1550 nm and the pulses have a full width at half maximum (FWHM) of
8.3 ps, corresponding to 33% of the bit slot. The sampling rate is 128 sam-
ples per bit. To boost the signal and add some intensity noise, the signal is
amplified using an amplifier with a 10 dB noise figure, which is positioned
after the pulse source (not in the figure).
To emulate impairments from transient crosstalk, the signal is modulated
in a Mach-Zehnder modulator (MZM) with a slowly varying sinusoidal mod-
ulation frequency of 625 MHz and a modulation index of h = 0.33, corre-
sponding to a 50% power variation.1 The effect is a broadened 1-bit power
1The modulation index h is defined as h = Pamp/Pav, where Pamp is the power amplitude
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level in the eye diagram of the equalizer input signal, as shown in Fig. 5.6
(a). Using the internal statistical functions of the software, the maximum
eye-opening of the signal can be evaluated by calculating the Q parameter
of the eye, defined as
Q =
P 1 − P 0
σ1 + σ0
(5.2)
where P 1 and P 0 are the average powers and σ1 and σ0 are the standard
deviations of the signal power, in the 2% central part of the bit slot and
in the 1 and 0 bit, respectively. By assuming that the 1 and 0 bit noise
has a Gaussian distribution, a Q value of 6 can be shown to correspond
approximately to a BER of 10−9 [71]. The Gaussian approximation does
not hold for transient noise, however, meaning that this relation between Q
and BER does not hold in this case. For the input signal shown in Fig. 5.6
(a), Q is evaluated to 4.5.
The average signal power into the HNLF, Pin, is adjusted using a VOA
and set in a range from 6.6 dBm to 24.6 dBm. The HNLF parameters
are the same as the ones in table 2.1 on page 12. Furthermore, a fiber
nonlinear index of n2 = 3.3 · 10−20 m2/W is used [29]. In the simulations,
the dispersion coefficient D is varied between -5 ps/nm/km and 3 ps/nm/km
and the fiber length L is varied between 600 m and 3000 m. The fiber model
is a uni-directional split-step model [20], which takes into account fiber
dispersion and slope, as well as Kerr fiber nonlinearities. ASE is included
as sampled noise bins which provide the noise spectral density in a single
signal polarization. Following the fiber is the output bandpass filter, which
is set to be 1st order Gaussian shaped. The filter FWHM is set to a default
value of ∆νBPF = 100 GHz, or 2.5 times the bit rate.
5.4.2. Design parameters
By using the model described in the previous section, we can evaluate the
output Q and pulse width for a number of different fiber and filter param-
eters and input powers. By doing so, we want to identify a set of optimum
fiber and filter parameters for a practical transient equalizer device to be
used in a 40 Gbit/s system.
Fig. 5.6 (b)–(g) show calculated eye diagrams at the output of the equal-
izer for three different average input powers and fiber dispersion coefficient
values of D = −1 ps/nm/km and D = +1 ps/nm/km, at the signal wave-
length. The length of the fiber is 1800 m and the filter bandwidth is
∆νBPF = 100 GHz. The calculated Q parameters for each eye is shown
in the figure captions. For a dispersion value of D = −1 ps/nm/km, the Q
and Pav is the average power of the modulated signal.
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(a) Input, Q = 4.5
(b) Pin = 11.6 dBm,
D = −1 ps/nm/km, Q = 5.1
(c) Pin = 14.6 dBm,
D = −1 ps/nm/km, Q = 6.4
(d) Pin = 17.6 dBm,
D = −1 ps/nm/km, Q = 9.7
(e) Pin = 11.6 dBm,
D = 1 ps/nm/km, Q = 5.0
(f) Pin = 14.6 dBm,
D = 1 ps/nm/km, Q = 13.5
(g) Pin = 17.6 dBm,
D = 1 ps/nm/km, Q = 1.6
Figure 5.6.: Calculated 40 Gbit/s eye diagrams and Q values at the (a) input
and (b)–(g) output of the equalizer. The average input powers are
11.6 dBm, 14.6 dBm and 17.6 dBm, the fiber length is L = 1800 m,
the dispersion is D = −1 ps/nm/km and D = +1 ps/nm/km and the
filter bandwidth is ∆νBPF = 100 GHz. The horizontal span in the
figures is 50 ps.
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Figure 5.7.: Calculated Q parameters after filtering vs. average input power, when
a HNLF with (a) negative and (b) positive dispersion is used. Fiber
lengths are varied between 1200 m and 2200 m and the filter FWHM
is ∆νBPF = 100 GHz.
parameter is gradually improved up to 9.7, as the input power is increased
to 17.6 dBm. The power variation in the 1-bit level of the eye is clearly re-
duced and at the same time, the output pulse width is seen to be somewhat
compressed. In the case of D = +1 ps/nm/km, the maximum improvement
of the Q parameter is higher compared with the negative dispersion case.
However, as the power is increased beyond the optimum power of 14.6 dBm,
the high power pulses collapse as a result of the interplay between the SPM
and positive dispersion in the fiber. The result is an immediate closing of
the eye, which is quantified by a large degradation of Q from 13.5 to 1.6.
These output Q values should be compared with the input Q value of
4.5 and shows that both significant Q improvement and degradation can be
obtained with this device, depending on the choice of input power and fiber
dispersion.
In Fig. 5.7 (a) and (b), calculated Q parameters are plotted vs. input
power for different fiber lengths and for fiber dispersion values of D =
−1 ps/nm/km and D = +1 ps/nm/km, respectively. The HNLF length
ranges from 1200 m to 2200 m. In general, we found very different behavior
of Q vs. input power, depending on the sign of the dispersion coefficient
D. The following qualitative conclusions, for these specific values of Q, has
therefore been found to also hold for the other values of D, of the same sign,
and in the investigated range.
For D = −1 ps/nm/km, Q is seen to rise steadily with power up to
a maximum point and then flatten out at high input powers. For D =
+1 ps/nm/km, the evolution of Q is much more abrupt and results in high
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Figure 5.8.: Calculated: (a) Maximum Q improvement, relative to input Q of 4.5,
with a maximum input power is 24.6 dBm. (b) Minimum power needed
to obtain Q = 9.0, or 3 dB Q improvement. Filter width is ∆νBPF =
100 GHz.
maximum peak value, for a specific optimum input power. When the power
is increased beyond this input power, Q drops very suddenly to a level
which is much lower than the input value. This unstable and highly power
dependent behavior of the pulse is attributed to modulation instability in
the anormalous (D > 0) dispersion fiber [126]. From an application per-
spective, it is clear that the dynamic range of the device is very limited,
when anormalous dispersion fibers are used. Indeed, the dynamic range of
a component is a crucial parameter, if the component is to be used in a
deployed system. For this reason, we require that the fiber dispersion must
be normal, D < 0, in a practical implementation of the transient equalizer.
In Fig. 5.8 (a), the maximum improvement of the Q parameter, in the
investigated input power range, is plotted in a contour plot as a function of
the HNLF length L and the dispersion coefficient D. The Q improvement
is relative to the input Q of 4.5 and is expressed in dB. The 0 dB, 3 dB
and 6 dB contours are marked with a number for easy identification. Note,
that the figure only indicates the maximum obtainable Q value, but does
not say anything about the dynamic range of the device, for a specific set of
fiber parameters. It is clear from the figure that the greatest improvement
is obtained close to the zero-dispersion line, D = 0, and that the dispersion
range in which a 3 dB improvement can be obtained becomes smaller with
increasing fiber length.
Fig. 5.8 (b) shows the power required to obtain Q = 9, corresponding to
a 3 dB improvement compared to Q at the input of the device. The blank
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Figure 5.9.: Calculated: (a) Minimum power needed to obtain Q = 9.0, or 3 dB
improvement. (b) Output pulse width vs. filter width and HNLF
length. HNLF dispersion is D = −0.5 ps/nm/km.
areas correspond to specific values of fiber length and dispersion, where Q =
9 can not be obtained in the considered input power range. The straight-
line borders between the blank and colored areas should be regarded as
approximate borders and are a result of the interpolation between the finite
number of dispersion and length values used in the calculations. Generally,
the required input power is observed to decrease with increasing fiber length
and dispersion. However, if the dispersion is assumed to be limited to
negative values, to maintain a high dynamic range in the device, an optimum
length of around L = 1800 m can be observed to result in the lowest required
input power. At this length, the dispersion is required to be in the narrow
range −1 ≤ D < 0.
In Fig. 5.9 (a) and (b), the dependence of the output filter bandwidth,
on the required input power and output pulse width, is investigated. The
dispersion coefficient here is fixed at D = −0.5 ps/nm/km. In sub-figure
(a), the minimum power required to obtain Q = 9 is seen to decrease, as
the fiber gets longer and the filter becomes more narrow. The reason is that
the interaction length, which determines the amount of spectral broadening,
increases with fiber length and that the required pulse broadening is smaller
for more narrow filters. As such, the calculations predict that it should be
possible to obtain Q = 9 with 13 dBm of channel input power and a filter
width of ∆νBPF = 80 GHz. As will be shown in section 5.5, this input
power value is quite close to what we found to be the optimum input power
in an experimental demonstration of this device.
Fig. 5.9 (b) shows the calculated average output pulse FWHM as a func-
tion of the filter width and fiber length. In general, we would like the output
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pulse to be altered as little as possible, upon passage through the device.
This also means that the output pulse width should be similar to the input
pulse width, which in this case is 8.3 ps. From the figure, the pulse width
is seen to depend almost exclusively on the filter bandwidth, through the
inverse Fourier transform relationship between the pulse width in time and
frequency domain. Very little dependence on the fiber length is found. A
nice observation here is that the amount of pulse compression, to a large
extent, can be controlled through the filter bandwidth. In this case, the
pulse width is seen to be preserved for relatively narrow filter bandwidths,
between 75 ps and 80 ps, for which the required power was also found to be
low.
To summarize, we found that to obtain the most power-efficient device and
at the same time a large dynamic range, a HNLF with normal dispersion,
preferably between -1 ps/nm/km and 0 ps/nm/km, should be used. For
input pulse widths used for 40 Gbit/s 33% RZ signals, a HNLF length of
L = 1800 m was found to work well with a minimum of required power
equal to 13 dBm. Finally, a Gaussian-shaped output filter tuned to the
center wavelength of the channel and having a FWHM of ∼ 80 GHz should
provide pulses with very little, or no pulse compression.
5.5. Equalization of 4×40 Gbit/s transient-impaired
channels
In this section, an experimental demonstration of the transient equalizer is
described, where four transient-impaired 40 Gbit/s 33% RZ-OOK channels
are simultaneously equalized [127].
Based on the optimized fiber parameters, found in section 5.4, seven
spools of HNLF have been produced and pigtailed at the production fa-
cility of OFS Fitel Denmark ApS. From the previously mentioned nonlinear
index of n2 = 3.3 · 10−20 m2/W, an effective mode area of Aeff = 12 µm2
(from table 2.1) and a signal wavelength of 1550 nm, the nonlinear coef-
ficient of these fibers can be evaluated to γ ≈ 11 W−1km−1, using the
expression in [20]. The target spool length and dispersion coefficient for the
experiment is L = 1800 m and D = −0.5 ps/nm/km, respectively. In order
to experiment with different lengths of fiber, additional spools with lengths
of 200 m, 400 m, 800 m and 1400 m have also been produced.
Fig. 5.10 summarizes the spool values of the dispersion coefficient D and
dispersion slope S, including the SSMF pigtails. All values are measured at
the target signal wavelength of 1550 nm. The dispersion values range from
-0.33 ps/nm/km to -0.59 ps/nm/km and the ultra-low slope values range
from of 0.0050 ps/nm2/km to 0.0060 ps/nm2/km. These values show that
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Figure 5.10.: Measured values of the dispersion coefficient D and the dispersion
slope S at 1550 nm of the tailored HNLF spools. Spool combinations
no. 2 + 4, 5, 6 and 7 are used in the final experiment.
it is possible to produce low-dispersion spools of very short lengths (down to
200 m) with a high accuracy on D of only ±0.2 ps/nm/km. This is clearly
important for the practical realization of future devices.
5.5.1. Experimental setup
The setup used to simultaneously equalize the 4× 40 Gbit/s 33% RZ-OOK
channels, is shown in Fig. 5.11. Four laser sources with numbers 1, 2,
3 and 4 are positioned with 200 GHz spacing at 1552.4 nm, 1554.0 nm,
1555.6 nm and 1557.2 nm and combined in a multiplexer (MUX). The
40 Gbit/s, 33% RZ-OOK signal is encoded with a PRBS of 231 − 1 using
two cascaded MZMs. The first MZM is used for 33% RZ pulse carving and
the other is used for the OOK modulation. After subsequent amplification,
the channels are demultiplexed and combined, so that channel no. 1 and 3
are fed into an acousto-optic modulator (AOM) and on-off modulated with a
repetition frequency of 2.5 kHz and with a 50% duty cycle. These switched,
or disturbing, channels are hereafter referred to as Dist1 and Dist2. The
non-switched, or surviving, channels are consequently referred to as Surv1
and Surv2. All four channels are recombined in a demultiplexer (DEMUX)
and from there fed into a current/power-controlled EDFA. The channel
input powers are adjusted so the peak power into the amplifier is the same
for all channels. In the EDFA (indicated by a dark red color in the figure),
inter-channel transient crosstalk is generated as a result of the time-varying
input power from the switched channels, as discussed in section 5.1.
In this WDM demonstration, the filter part of the transient equalizer
consists of two Gaussian-shaped AWGs with a specified filter FWHM of
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Figure 5.11.: Experimental setup used for simultaneous equalization of four
transient-impaired 40 Gbit/s, 33% RZ-OOK channels.
approximately 90 GHz. The channel ports of the two AWGs are inter-
connected with roughly 1800 m of HNLF, consisting of spool sets 2 + 4, 5,
6 and 7 from Fig. 5.10. The exact spool lengths are shown in the figure.
In this device design, the output AWG both serves as equalizing filter for
each channel, as well as a channel multiplexer. The input power into the
equalizer HNLF is controlled using a VOAs in front of the equalizer. As the
pre-equalizer attenuation is changed, the peak input power per channel is
measured at the channel output port of the first AWG. Consequently, this
power equals the power actually entering the HNLF pigtail and is hereafter
referred to as the HNLF input power, or simply the HNLF power.
After equalization, the surviving channels are transmitted through 80 km
of SSMF and then re-amplified using an inline power-controlled EDFA. This
is done by disconnecting the disturbing channels at the output AWG, as
indicated in the setup. The channels are then fed into 14 km of DCF, to
compensate the chromatic dispersion of the SSMF span. The channel power
into the SSMF and DCF is set to 5 dBm/ch and 0 dBm/ch, respectively.
The detected channel is demultiplexed using a tunable BPF positioned in
front of the preamplified receiver. Clock recovery is used to stabilize the
receiver clock. The BER is measured as a function of the received power and
OSNR and the respective sensitivities at a BER of 10−9 are evaluated. The
transient waveforms are measured using a 100 MHz oscilloscope connected
to a low-bandwidth photodiode.
Fig. 5.12 (a) shows the spectrum measured at the output of the transient-
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Figure 5.12.: (a) WDM spectrum measured before equalization. (b) and (c): Chan-
nel spectra of Surv1 and Surv2 measured after equalization and before
and after 80 km transmission, respectively.
generating EDFA. The powers of the disturbing channels are ∼4 dB lower
than the data channels and this is mainly due to the on-off modulation
of the disturbing channels. Fig. 5.12 (b) and (c) show the spectra of the
two surviving channels before and after 80 km transmission, respectively.
The channels have been equalized prior to transmission using 13 dBm of
HNLF input power. The equalization causes some broadening of the channel
spectra, which is also seen by observing the more pronounced higher-order
clock tones after equalization. Note that this broadening is determined by
the output AWG filter width and thus can be controlled by using a different
filter. At an average HNLF input power of 13 dBm/ch, the average output
power from the equalizer was measured to 7.1 dBm and 7.3 dBm for Surv1
and Surv2, respectively. This indicates a combined loss of ∼ 6 dB from fiber
input to filter output, in this specific implementation.
5.5.2. Results and discussion
Fig. 5.13 (a) shows power transients of the two center channels Surv1 and
Dist2, measured right before and after the crosstalk-generating EDFA. For
clarity reasons, the two other channels are not shown, but they behave
almost identically to their sibling channels. The switching frequency of
the AOM is seen to be sufficiently low to allow the gain of the EDFA to
reach steady state within half a modulation period. At the EDFA output,
crosstalk from switched channels has been transferred to Surv1, which now
suffers from a 2.8 dB power variation. Also, significant overshoots of 1.9 dB
are now apparent in the output power of Dist2.
Fig. 5.13 (b) shows the equalizer output power of the same channels for
three different levels of average channel power into the HNLF. At 15.1 dBm
of HNLF power, the fluctuations of Surv1 are reduced to 0.3 dB, while the
overshoots of Dist2 are seen to have been almost entirely removed around
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Figure 5.13.: (a) and (b) Transient waveforms of neighboring channels Surv1 and
Dist2, measured before and after equalization, respectively.
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(a) Pre-equalizer, Surv1 (b) Post-equalizer, Surv1,
13 dBm HNLF power
(c) Post-equalizer, Surv2,
0 km, 13 dBm HNLF power
(d) Post-equalizer, Surv2,
80 km, 13 dBm HNLF power
Figure 5.14.: (a) and (b): Eye diagrams of Surv1 before and after equalization with
13 dBm of HNLF input power.
(c) and (d): Eye diagrams of Surv2 before and after 80 km transmis-
sion, respectively. The channel was equalized using 13 dBm of HNLF
input power prior to transmission.
12 dBm of average input power. The equalizer is clearly capable of removing
both types of transients.
Measured eye diagrams of Surv1 and Surv2 are shown in Fig. 5.14 (a)-
(d). Fig. 5.14 (a) and (b) shows eye diagrams of Surv1 measured before and
after the equalizer with 13 dBm of HNLF input power. The fluctuations in
the 1-bit have clearly been reduced. However, as the HNLF input power
was further increased, the 0-bit noise became more dominant and no visible
improvement of the eye was found. Fig. 5.14 (c) and (d) show eye diagrams
of Surv2, measured before and after 80 km transmission, respectively. The
channel transients were equalized with 13 dBm of HNLF input power prior
to transmission. The eye diagrams are very similar and very little added
noise from transmission and amplification can be detected.
Measured BER of Surv1 and Surv2 are shown in Fig. 5.15 as a function
of received OSNR and in different cases. In general, the two channels are
seen to perform very similarly. Prior to equalization, the transient-impaired
channels perform poorly and the OSNR sensitivity of both channels is close
to 28 dB, as indicated by the blue lines in the inset. These values should be
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Figure 5.15.: Measured bit-error rate of Surv1 and Surv2 vs. OSNR. The curves are
measured before and after the equalizer with optimum input power, as
well as after 80 km transmission with and without prior equalization
using 13 dBm HNLF power.
Inset shows the OSNR sensitivity of both channels and the solid and
dashed black lines indicate the back-to-back sensitivity of Surv1 and
Surv2, respectively.
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compared with the back-to-back OSNR sensitivities of 21.4 dB and 22.4 dB
(indicated by the black lines in the lower part of the inset), for Surv1 and
Surv2, respectively. After equalization, the OSNR sensitivity is 22.8 dB and
is thus improved by more than 5 dB for both channels.
When the two impaired channels are transmitted without prior use of the
equalizer, an error floor is seen to appear in the BER measurements and
error-free detection is no longer possible. However, when the equalizer is
used before transmission, the transmission penalty is reduced to be less than
1 dB for both channels, which clearly shows the large advantage of equal-
izing the transients before transmission. The large transmission penalty is
attributed to a combination of enhanced nonlinear impairments from the
power variations and enhanced inter-channel crosstalk in the inline EDFA
that is positioned before the DCF.
5.5.3. Device evaluation and perspectives
The above demonstration clearly shows that the principle of the transient
equalizer works and that it easily can be parallelized to operate simulta-
neously on several channels. The experiment shows that it is efficient in
equalizing power transients, as well as in improving large transient induced
penalties, in this case by more than 5 dB. It was also found that transmission
penalties from amplified spans are significantly reduced if the transients are
equalized prior to transmission. The reasons are that nonlinear impairments
are increased by the presence of transients and that uncontrolled amplifiers
in the link will cause existing power excursions and crosstalk to be further
enhanced.
The main advantages of the technique are its simple, stable and polariza-
tion insensitive operation principle. Furthermore, the device benefits from
being ultra-fast, which means that it is not inclined to patterning and that it
can be extended to operate simultaneously on an arbitrary number of chan-
nels, provided that enough power is available. We believe the device could
also work for differential phase-shift-keying (DPSK) modulation, since the
phase-shift induced by the device would be very similar for two neighboring
pulses, but this still remains to be demonstrated.
The main drawback of the technique is the required optical channel power,
which is relatively high in this demonstration (13 dBm per channel for
optimum operation). It is unclear how much the required power can be
lowered through device optimization, but we expect that optimizing the
output filter (in particular the filter bandwidth) could lower the power re-
quirements, possibly by several dB. Another possibility is to optimize the
fiber. As an example, a recent design proposal for an extremely HNLF with
flat dispersion and low loss is predicted to have a nonlinear coefficient of
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γ = 27 W−1km−1 [128]. Simulations also indicated that longer fibers were
able to reduce the required power.
New development in high-power amplifiers can also help to make this
device more attractive for use in future networks. As an example of this, a
gain-flat EDFA with 30 dBm output power was recently demonstrated [129],
which uses uncooled, multi-mode and potentially low-cost pump units.
5.6. Summary
Inter-channel crosstalk in saturated amplifiers can lead to burst-errors dur-
ing detection and, in extreme cases, even cause damage to vital system
components. Because EDFAs are typically run in heavy saturation, these
amplifiers are more inclined to generate crosstalk than typical fiber-based
Raman amplifiers. As an example of this, the output power variation of
a surviving channel in a typical backward-pumped DCRA was calculated
to 0.6 dB, when a switched and surviving channel were input with a chan-
nel power of 1.8 dBm. When the same channel powers were input to an
EDFA, the output power variations of the surviving channel were measured
to 3.1 dB, i.e much higher than the value found in the DCRA.
In spite of effective gain control in state-of-the-art amplifiers, transient
crosstalk remains an unsolved problem and one that is expected to grow
as more networks become dynamically reconfigurable, the channel loading
increases and the bit rate gradually increases from 10 Gbit/s to 40 Gbit/s.
As a way to deal with existing transients in a system, an all-optical and
polarization-insensitive device for equalizing transients and restoring the
signal quality of transient-impaired signals has been proposed. Through
numerical modeling, optimum device parameters for 40 Gbit/s 33% RZ
channels were derived. Using a device based on the derived fiber and filter
parameters, successful equalization of four 40 Gbit/s WDM channels was
performed with an improved penalty after equalization in excess of 5 dB.
The transmission penalty after 80 km transmission was greatly reduced
when the impaired channels were equalized before transmission.
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To meet the increasing bandwidth demands from new fiber-to-the-premises
(FTTP) customers and bandwidth services, such as high-definition televi-
sion and video-on-demand, new optical amplifier technologies are urgently
needed, to take advantage of the large amount of unexploited bandwidth in
the transmission fibers [6]. With their flexible bandwidth and good noise
properties, fiber Raman amplifiers (FRAs) are expected to be a key tech-
nology in reaching this goal.
6.1. Obtained results
In this project, FRAs have been investigated with the purpose of identifying
new applications and limitations for its use in future optical communication
systems. The following specific results have been obtained.
6.1.1. Dynamic FRA model
To better understand the static and dynamic properties of FRAs, an accu-
rate and efficient numerical amplifier model has been developed. The model
has been validated by comparing its results with results from a reference
amplifier model, Raman-OASIX, as well as with experimental data. When
both static and dynamic input powers were used, the model was found to
agree well with the reference data and has been able to reproduce experi-
mentally measured output power transients with good accuracy. Through-
out this thesis, the model has been used to supplement the experimental
results and in some cases also used to generate new results, where experi-
mental measurements would have been too time-consuming or complicated
to conduct. As examples of the latter, the model was used to calculate
the maximum available gain in backward-pumped dispersion compensating
Raman amplifiers (DCRAs), to predict the maximum reach and channel
capacity of Raman-based passive optical network (PON) links and to calcu-
late the time-varying optical signal-to-noise ratio (OSNR) and multi-path
interference (MPI) noise ratio, of a DCRA subjected to fluctuating input
powers.
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6.1.2. Dispersion compensating Raman amplifiers
Three different applications of DCRAs have been investigated. In the first
application, a DCRA was used for terminal compensation of a 240 km link.
In this setup, all dispersion compensation is handled by the DCRA, which
is placed in the receiver terminal of the link. This method provides a simple
way to upgrade low bit-rate links, e.g. from 2.5 Gbit/s to 10 Gbit/s, without
performing link alterations. Also, the potentially long and lossy modules
used in the terminals can make efficient use of the Raman pump light and
thereby improve the efficiency of the Raman pumping. In the second ap-
plication, DCRAs were used to extend the gain and dynamic range of com-
mercially deployed inline erbium-doped fiber amplifiers (EDFAs) to provide
flat gain with up to 33 dB average gain in the entire C-band. By exchanging
the mid-stage dispersion compensating fiber (DCF) with a multiple-pump
DCRA, the EDFA was able to provide flat gain with average values up to
33 dB and thereby extend their usage to 120 km spans. In the third appli-
cation, calculations of a combined EDFA/DCRA were used to demonstrate
how the bandwidth of future inline amplifiers can be increased to 60 nm,
while maintaining a high output power of 22 dBm. Combined with a low
noise figure of less than 4.5 dB, the hybrid EDFA/DCRA shows promis-
ing results for future inline wide-band amplifiers with bandwidths of 60 nm
and beyond. However, there are issues related to the dynamic range of the
amplifier which still need further investigation.
6.1.3. Raman-based passive optical networks
A new architecture for extending the reach of today’s passive optical networks
(PONs) by using distributed Raman amplification in the long-reach PON
link has been proposed and demonstrated. The maximum reach and chan-
nel capacity of the system have been numerically modeled and it was found
that more than 100 km reach can be obtained by using bidirectional, or
upstream (US) pumping. The potential long reach of the Raman PON ar-
chitecture was experimentally demonstrated with a 120 km bidirectionally
pumped link, where symmetric 10 Gbit/s traffic was used. With this link,
high channel output powers close to 1 dBm and low transmission penalties
of less than 0.8 dB were obtained.
The dynamic performance of an 80 km bidirectional Raman PON link
has been experimentally tested with 10 Gbit/s burst-mode traffic. The
highly linear gain properties of the link was found to make it robust to-
wards dynamic adding and dropping of neighboring channels. As such, the
disturbance penalty on a surviving channel was found to be less than 1.0 dB,
in a worst-case scenario, where a co-propagating disturbing power, corre-
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sponding to 8 channels, was periodically on-off modulated. Based on these
findings, it was concluded that the proposed Raman-based PON link is a
serious candidate for future, high-capacity links in PONs with burst-mode
traffic.
6.1.4. Inter-channel crosstalk and equalization
Inter-channel crosstalk in saturated fiber amplifiers can generate output
power transients on a micro-second timescale, which can lead to burst-errors
during detection and cause potential damage to vital system components.
Because EDFAs are typically operated in heavy saturation, these amplifiers
are more inclined to generate crosstalk and transients, than typical fiber
Raman amplifiers.
Transient crosstalk remains a big challenge in newly deployed networks,
as the automatic gain control used in state-of-the-art optical amplifiers is
unable to control the gain on an individual channel level. The problems re-
lated to transient crosstalk is one that is expected to grow as more networks
become dynamically reconfigurable and as the bit rate gradually increases
from 10 Gbit/s to 40 Gbit/s. Phase-shift-keying (PSK) formats are expected
to perform better than amplitude-shift-keying (ASK) formats in connection
with transient crosstalk, as the decision threshold of PSK signals only de-
pends slightly on the received power.
As a way to mitigate transient impairments on an individual channel-
basis, an all-optical and polarization-insensitive device for equalizing tran-
sients and restoring the signal quality of transient-impaired signals, has been
proposed. Through numerical modeling, the optimum device parameters for
40 Gbit/s 33% return-to-zero (RZ) channels were derived and it was shown
that by choosing the fiber length and filter bandwidth carefully, it is possi-
ble to avoid unwanted pulse compression with this device. Using a device
based on the derived fiber and filter parameters, successful equalization of
four 40 Gbit/s wavelength division multiplexed (WDM) channels was per-
formed, which resulted in an improved penalty after equalization in excess
of 5 dB. The transmission penalty after 80 km transmission was greatly re-
duced, when the impaired channels were equalized before transmission. We
expect that the optimum operation input power of 13 dBm, found in the
experiment, can be reduced by a few dB through further optimization of
the fiber and output filter bandwidth.
6.2. The future of FRAs in optical communications
In the near future, we expect Raman amplification to find use in long-haul
systems using high bit rates of 40 Gbit/s or more, where OSNR margins are
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small and distributed Raman amplification (DRA) can be effectively used to
improve this margin and the reach of the system [28]. In 2–5 years, Raman
amplification could also start to find use in metro and access networks, such
as the long-reach PONs, described in chapter 4. A main motivation for using
Raman amplification in these networks, besides the possibility of a large
bandwidth, is the high saturation input power of the FRA and its resulting
robustness toward fluctuating and discontinuous traffic. This type of traffic
is expected to increase in amount, as networks become more reconfigurable,
and it is therefore likely that problems arising from inter-channel crosstalk
will also increase.
The main challenges of Raman amplification in the coming years will
continue to be the low power efficiency of the amplifier, the high cost of
the pumps and issues related to safety and risks of having high optical
powers in the field. The latter could be a major problem in access and
FTTPs networks, where optical fibers are located in much more accessible
areas (cable masts and interior boxes in houses) and human interaction with
the fiber is more likely. Security and monitoring of these systems will be
essential for a more widespread use of the FRA in the coming years.
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A. Validation of numerical model
This appendix presents experimental validation for the amplifier model pre-
sented in section 2.3. In the following, the model is compared to static
results generated by an experimentally validated amplifier model (Raman-
OASIX), as well as static experimental data. An experimental comparison
of the dynamic model gain was presented in chapter 4 and found to be in
good agreement with the experimental data.
A note on Raman-OASIX The in-house amplifier simulation software of
OFS Fitel, Raman-OASIX, is an experimentally validated model for calcu-
lating static (not time-resolved) gain, noise figure and multi-path interference
(MPI) for different pump configurations, fiber types and lengths. Raman-
OASIX is also capable of accurate modeling of erbium-doped fiber amplifiers
(EDFAs). Raman-OASIX does not support counter-propagating signals.
The primary motivation for making our own model has therefore been a
wish to investigate dynamic effects from gain and noise transients. Because
our model uses the same fiber parameters as Raman-OASIX, static compar-
isons between the two models is straightforward. Experimental validation
of Raman-OASIX can be found in the published literature [54,55].
A.1. Small-signal parameters
In Fig. A.1 and A.2, our model is compared with Raman-OASIX in the
small-signal case where the total input power is less than -20 dBm. 41
channels are used with an input power of -37 dBm/ch and in the wavelength
range from 1530 nm to 1570 nm. A single pump at 1453 nm is used with
300 mW input power to backward pump an 80 km TrueWave R©REACH
(TW-REACH) fiber.
Fig. A.1 compares the small-signal calculated using the two amplifiers.
Agreement between the models is quite good and the maximum gain de-
viation is 0.3 dB. In Fig. A.2 the small-signal noise figure and MPI noise
ratio is compared. Here the maximum noise figure and MPI difference is
less than 0.1 dB and 0.3 dB, respectively.
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Figure A.1.: Comparison of calculated net gain vs. wavelength in 80 km TW-
REACH. The fiber is backward-pumped with 300 mW pump at
1453 nm.
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Figure A.2.: Comparison of calculated noise figure and MPI vs. wavelength in
80 km TW-REACH. The fiber is backward-pumped with 300 mW
pump at 1453 nm.
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Figure A.3.: Measured (symbols) and modeled (lines) gain vs. input power in a
5 km DCF for SSMF.
A.2. Gain saturation
Fig. A.3, A.4 and A.5 shows plots of saturated gain vs. input power in a
5 km and 10 km dispersion compensating fiber (DCF) for standard single-
mode fiber (SSMF). The model data (lines) is compared with experimental
data (symbols) for different pump powers and directions. The model pump
powers has been fitted so the small-signal gain in the model matches the
measured small-signal gain. The model pump powers are generally 20%
lower than the experimental pump powers. This difference is most likely due
to additional coupling loss in the experimental setup, which is not accounted
for. The experimental pump powers are labeled on the figures. No other
parameters have been fitted.
Good agreement is found in all three cases between the modeled and
measured data.
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Figure A.4.: Measured (symbols) and modeled (lines) gain vs. input power in a
10 km DCF for SSMF.
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Figure A.5.: Measured (symbols) and modeled (lines) gain vs. input power in a
10 km DCF for SSMF. Black and red lines/symbols correspond to
forward and backward pumping, respectively.
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B. Fiber parameters
This appendix includes plots of the fiber parameters used in the numerical
model, which is described in section 2.3. All parameters are kindly provided
OFS Fitel Denmark ApS and have been experimentally characterized at
their production facility in Brøndby, Denmark.
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Figure B.1.: Raman gain efficiency vs. pump-signal detuning.
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Figure B.2.: Fiber loss vs. wavelength.
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Figure B.3.: Rayleigh backscattering coefficient vs. wavelength.
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C. List of acronyms
AOM acousto-optic modulator
ASE amplified spontaneous emission
ASK amplitude-shift-keying
AWG arrayed waveguide grating
BER bit-error rate
BERT bit-error rate testset
BPF bandpass filter
CLEO the Conference on Lasers and Electro-Optics
CW continuous wave
CWDM coarse wavelength division multiplexer
DCF dispersion compensating fiber
DCRA dispersion compensating Raman amplifier
DEMUX demultiplexer
DFB distributed feedback
DPSK differential phase-shift-keying
DRA distributed Raman amplification
DRB double Rayleigh backscattering
DS downstream
EDC electronic dispersion compensation
EDFA erbium-doped fiber amplifier
FEC forward error correction
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C. List of acronyms
FRA fiber Raman amplifier
FSK frequency-shift-keying
FTTP fiber-to-the-premises
FWHM full width at half maximum
GFF gain flattening filter
GNU gain non-uniformity
HNLF highly nonlinear fiber
ITU the International Telecommunication Union
MPI multi-path interference
MUX multiplexer
MZM Mach-Zehnder modulator
NRZ non-return-to-zero
NZDSF non-zero dispersion-shifted fiber
OAA Optical Amplifiers and Their Applications
ONU optical network unit
OOK on-off-keying
OSA optical spectrum analyzer
OSC oscilloscope
OSNR optical signal-to-noise ratio
PC polarization controller
PD photodiode
PON passive optical network
PPG pulse pattern generator
PRBS pseudo-random bit sequence
PSD power spectral density
PSK phase-shift-keying
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Raman-OASIX reference fiber amplifier model
RIN relative intensity noise
ROPA remote optically pumped amplifier
ROADM reconfigurable optical add/drop multiplexer
RZ return-to-zero
SBS stimulated Brillouin scattering
SNR signal-to-noise ratio
SOA semiconductor optical amplifier
SPM self-phase modulation
SRS stimulated Raman scattering
SSMF standard single-mode fiber
TF transmission fiber
TW-RS TrueWave R©RS
TW-REACH TrueWave R©REACH
US upstream
VOA variable optical attenuator
WDM wavelength division multiplexed
XGM cross-gain modulation
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C. List of acronyms
142
D. List of constants, variables and
symbols
D.1. Fundamental constants
Constant Name Value
c Light speed in vacuum 2.998 · 108 m/s
h Planck’s constant 6.626 · 10−34 J · s
kB Boltzmann’s constant 1.381 · 10−23 J/K
q Electron charge 1.602 · 10−19 C
D.2. Variables and symbols
α Loss coefficient (in units of 1/m)
αdB Propagation loss (in units of dB/km)
γ Nonlinear coefficient (in units of W−1km−1)
γB Dimensionless parameter
γR Raman gain coefficient (in units of m/W)
λ Optical wavelength in vacuum (in units of m)
ν Optical frequency (in units of Hz)
νa Brillouin frequency shift between Stokes and signal beam (in
units of Hz)
σ Standard deviation of intensity noise (in units of W)
ρASE Optical power spectral density of the ASE (in units of W/Hz)
ϕ Rayleigh back-scattering coefficient (in units of 1/m)
∆ν Pump-signal detuning (in units of Hz)
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D. List of constants, variables and symbols
∆νB FWHM of Brillouin gain (in units of Hz)
∆νBPF FWHM of band-pass filter (in units of Hz)
∆νn Pump and spontaneous emission detuning (in units of Hz)
∆f Noise bin width (in units of Hz)
g Raman gain efficiency (in units of W−1km−1)
gB Brillouin gain coefficient (in units of m/W)
h Modulation index
n2 Nonlinear index of fiber (in units of m
2/W)
r Radial distance (in units of m)
z Longitudinal fiber coordinate (in units of m)
Aeff Effective mode area (in units of µm
2)
AReff Raman spatial overlap - between pump and signal (in units of
µm2)
B Noise bandwidth for OSNR evaluation (in units of Hz)
C Constant
D Chromatic dispersion coefficient (in units of ps/nm/km)
E Energy (in units of J)
F Noise figure
G Amplifier net gain
Gi Single-pass gain of section i
G0 Small-signal gain
Gon−off Amplifier on-off gain
I Irradiance or intensity (in units of W/m2)
L Length of fiber (in units of m)
Leff Raman effective length (in units of m)
LReff Effective nonlinear Raman length (in units of m)
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D.3. List of sub- and superscripts
Lopt Optimum Raman length of fiber (in units of m)
N No. of spans
P Power (in units of W)
Pth Brillouin threshold input power (in units of W)
Q Parameter
R Reflectivity of fiber connection
S Chromatic dispersion slope (in units of ps/nm2/km)
S21 Cross-gain response parameter
T Temperature (in units of K)
FOMR Raman figure-of-merit (in units of W
−1dB−1)
OSNR Optical signal-to-noise ratio
SNR Electrical signal-to-noise ratio
D.3. List of sub- and superscripts
i Amplifier section
n Noise bin
p Pump-wave
s Signal- or Stokes-wave
t Sampling time
amp Amplitude
av Average
bi Bi-directional
in At amplifier/fiber input
min Minimum
max Maximum
out At amplifier output
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D. List of constants, variables and symbols
rec At receiver
ref Reflected
sat Saturation power
uni Uni-directional
BPF Of band-pass filter
+ Forward propagating
− Backward propagating
1 One bit
0 Zero bit
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